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A 2014 KPMG customer survey report demonstrated the increasing demand of 
driving comfort and sustainable development. With the longer lifespan of modern 
vehicles, more attention has been placed on to products’ lifetime performance. 
Ageing of rubber components in the engine mount was known to be one of the key 
elements related to the compromised driving experience in used vehicles. This 
thesis will investigate how the properties of the rubber component change, and 
why. Links among mechanical properties, microstructures and chemical 
composition of the aged carbon black filled vulcanised natural rubber used in a 
commercial engine mount are to be revealed.  
By investigating used engine mounts, the changes of stiffness for rubber in the 
used engine mount was established, which were identified to be related to post-
curing, thermal degradation, oxidative degradation, filler re-agglomeration and loss 
of additives. Among these ageing mechanisms, the most dominating factors were 
post-curing and loss of additives, which increased the stiffness of the rubber by 
45% in a four-year-old car that has driven by 80 thousand kilometres.   
The impact of the acting ageing mechanisms was identified through aerobic and 
anaerobic artificial ageing experiments. The artificial ageing experiments provided 
knowledge about how each ageing mechanism progresses in the material and how 
they interact with each other. It also demonstrated the limitations of artificial 
ageing on simulating certain ageing mechanisms.  
This is the first time such a comprehensive investigation has been made to identify 
the causes of different ageing mechanisms on specimens from real vehicles and 
discuss how the ageing mechanisms impact on the material individually. Hopefully 
this work could provide useful information for the industry and other academics in 
the area when designing rubber relevant products or investigating ageing 
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CHAPTER 1. INTRODUCTION – DEMANDING AREAS OF 
AUTOMOBILE INDUSTRY 
In the 1890s, a personal horseless carriage was a symbol of one’s position in society 
[1]. Nowadays, people see cars more as a tool for transportation rather than a 
symbol of power. Automotive industry has grown dramatically in the last century. 
In the UK, an average of one car per household was achieved in 2008 [2]; the 
automobile has become an essential product for everyday life. The number of road 
vehicles has continued to rise in recent years, Figure 1.1 shows the global car sales 
from 2007. 
 
Figure 1.1 Global car sales [3] 
When it still holds its symbolic meaning, the most demanding factor of a car is as a 
status symbol. However, when people start to see them as an everyday tool, they 
start to show interest in other factors. A 2014 survey by KPMG produced a list of 
the factors that most influence customers in purchasing a car; the results are 
shown in Figure 1.2. 




Figure 1.2 Factors customers feel are critical when purchasing a car. Only shows factors with an 
agreed rate above 70% [4] 
As the survey results show, vehicle styling is demanded but fuel efficiency, which 
directly links with the cost and environmental factor of the car, has become the 
most influencing factor for one to purchase a car. Like all innovative products, 
people will pay for the idea and style at the beginning, and when the products start 
to become affordable to the public, cost becomes the most dominating factor. In 
recent years, the industry has made every effort to improve fuel efficiency in a 
number of ways, for example: energy recovery, fuel combustion, turbo/super 
charging, high efficiency transmission, lightweight chassis, etc.  
As the cost of purchasing and maintaining a car becomes even cheaper, people 
have started to pay attention to the quality and durability of the product, which are 
represented by ergonomics, comfort and vehicle lifespan in the survey. Research in 
recent years also implies this changing focus. For the comfort of handling, 
researches on steering and braking systems can be found in a wide range of 
sources. For example, the development of the four-wheel steering system and anti-
lock braking system (ABS) has certainly led to better handling capabilities [5] [6]. 
The presence of an ABS system reduces the vehicle’s chances of crashing by 18%, 
according to statistical analysis [7], and the four-wheel steering system reduces the 
turning radius of a prototype car by 50% [6]. For the riding experience, 







Factors Customers Feel are Critical When Purching a 
Car
Percentage of customer feel
important
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investigations were made into air conditioning and window glass in order to 
achieve better visual, acoustic, thermal and humid comfort [8] [9]. Researches on 
suspension systems, seat control, engine mount and material properties were 
conducted to reduce the discomfort caused by vibrations [10] [11] [12]. The 
development of an active or semi-active controlled suspension system and engine 
mount provides adjustable damping strength under different situations. Studies on 
materials also extended the vehicle’s lifespan. Figure 1.3 shows the increasing 
average age of operating cars and light trucks in the US. 
 
Figure 1.3 Average age of cars and light trucks [13] 
This longer lifespan of vehicle and the demand on driving comfort generates a new 
challenge. The quality of a vehicle varies with time because of material ageing. 
Producing vehicles that maintain consistent performance over a long lifespan or 
considering this change of performance in the design cycle becomes important.  
 
1.1 Engine Mounts in Vehicles 
One of the components that could influence the performance and comfort of the 
car is the engine mount. Unlike rubber tires which wear out quickly and can be 
easily replaced, the engine mount functions as the joint between the engine and 
1971 1976 1981 1986 1991 1996 2001 2006 2011 2016 
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the surrounding components. It is normally designed to reduce the vibration 
transmitted from the engine to the rest of the car. The dynamic response of the 
engine mount directly affects the reduction of vibration [14]. A worn engine mount 
could lead to undesirable noises and excessive vibration transmitted from the 
engine to the car [15]. From submarine to airplane, motorcycle to tank, an engine 
mount is installed in most applications that need an engine to produce power. 
There are various types of engine mount on the market for different purposes. The 
following examples represent the common engine mounts for land use vehicles.  
 
1.1.1 Rigid mounts 
A rigid mount is usually applied when accurate alignment between components is 
critical. The high stiffness means that rigid mounts have better rigidity to the 
chassis and lead to better shifting performance in a race. The rigid mount is often 
found in 1970s’ sport vehicles. TRE Motorsport, an engine installation and re-
conditioning specialist suggest, due to the high stiffness of the mount, more 
vibration and noise are transmitted into the car with this type of mount [16]. 
 
1.1.2 Resilient mounts 
This type of mount uses rubber to avoid metal-metal contact between the engine 
and the car. The rubber provides resilience and damping to the mount and limits 
the production of noise and vibration. Figure 1.4 shows a Vulkan T Series resilient 
mount; the slash region represents the metal part and the dotted region 
represents the rubber. Rubber mounts with higher elastic modulus could provide 
better power transmission. This reduces the vibration absorption performance of 
the rubber part and leads to a harsh driving experience [14]. A mount that is too 
soft could lead to a bad component alignment for the components around the 
engine mount and allow it to vibrate around and reduce the lifespan of the engine 
[17] [18]. 
 




Figure 1.4 – Vulkan T Series resilient mount [19] 
 
1.1.3 Hydraulic mounts 
A typical design of a hydro-mount is illustrated in Figure 1.5. It consists of a body 
made of rubber, containing metallic frames to reinforce the mount’s rigidity and 
metallic blocks act as junctions between the rubber part and the shaft. The fluid 
chamber brings extra viscous damping to the system at designed frequencies; 
usually it is set to counter the road shake [20] [21]. It therefore absorbs more 
vibrations and keeps relatively good component alignment. The hydro-mount was 
originally developed in the 1980s, and it has been heavily applied in the modern 
automotive industry due to its outstanding noise/vibration reduction performance 
[22]. The viscous performance of the mount relies heavily on the fluid chamber. 
The function of rubber in a hydraulic mount is mainly to provide resilience [23].    
 
Figure 1.5 – A typical design of hydro-mount [24] 
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1.1.4 Active control mount 
There is a trend to use active control techniques to further improve the driving 
experience. For example, in a Toyota Camry V6 a vacuum actuated engine mount is 
installed. This type of mount can adjust its stiffness according to the engine speed 
by changing the pressure in a hollowed vacuum chamber inside the rubber. In the 
Porsche 911 GT3, the combination of electromagnet and magnetorheological fluid 
allows the mount to adjust its damping coefficient according to its rate of 
deformation. The viscosity of the magnetorheological fluid depends on the 
surrounding magnetic field [25]. In Figure 1.6, the yellow chamber is filled with the 
magnetorheological fluid and the orange blocks are electromagnets that produce a 
magnetic field relating to the input voltage. 
 
Figure 1.6 – Active engine mount in Porsche 911 GT3 [25] 
The engine mount that will be investigated in this research is a hydraulic mount. Its 
structure is similar to the one shown in Figure 1.5, consisting of a rubber body and 
aluminium frames, with propylene glycol as the chamber fluid. The rubber used 
here is a carbon black filled vulcanised natural rubber with a filler content of 30%. 
It is covered under a steel outer case which protects the mount from physical 
contact and light. 
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1.2 Performance of the Engine Mount 
There are many factors that can impact the dynamic response of the engine 
mount, including different loading conditions, operating conditions affected by 
weather or location differences, geometry change of the mount caused by creep 
[26] and property changes of rubber material caused by various ageing 
mechanisms [27] [28].  
All these factors are related to the driving comfort. When the mount is severely 
worn, the engine may experience stronger vibration from the movement of the car 
body, which damages the engine system and reduces the lifespan of the vehicle 
[15]. Thus, it is crucial to understand how the mount behaves under various 
conditions when designing it. Although this could be achieved experimentally, the 
time and effort required for the experiments are unacceptable for commercial 
products. 
This brings the demand of building a virtual model that is capable of making quick 
predictions on the performance of the engine mount during the design cycle. 
 
1.2.1 Modelling its performance 
Various types of analytical and numerical virtual models have been developed to 
simulate the performance of engine mounts with rubber or fluid chambers. For 
analytical solutions, like the one developed by Whear and Williams, assumed the 
mount is a complex spring-damper system. In order to match the performance of 
the actual mount, the model requires correlated stiffness and damping coefficient 
as the input. This method provides a perfect prediction of the specific loading 
conditions the model is designed for, which ranges from 0 to 50 Hz in this example 
[29]. However, property changes caused by ageing cannot be directly fed into the 
model. New correlated coefficients need to be evaluated again experimentally. 
By understanding more of its operating physics, an analytical model that is 
developed from differential equations can be built, as Colgate et. al. did [30]. 
Although the prediction might be slightly off from the reality, this method can make 
predictions for more loading conditions, the aforementioned model covers 5 to 
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200 Hz excitation with different amplitudes. This type of model uses the physical 
properties of each individual component, hence these properties need to be 
measured again if the material properties change.  
In the last 20 years, with more advanced computing techniques, the mount 
performance can be estimated using finite element analysis models. The required 
input becomes material properties of each individual material in the mount and 
the appropriate methods used to simulate them. Its accuracy is enough to make a 
good prediction on the performance of the mount in many loading conditions. 
Masahiro Fukazawa made a CAE model for predicting hydraulic mount behaviour 
under 200 to 1000 Hz [31].  
As the changing material properties caused by ageing can be embedded into the 
model, this means the CAE model has the potential to make lifetime performance 
predictions for the engine mount. This makes the study of property changes of 
rubber in the engine mount during ageing desirable. 
 
1.2.2 Existing progress on studies relevant to rubber property changes  
Over the years, the automobile industry has made many attempts to predict the 
ageing behaviours of the rubber material. Experimental data exists from 
accelerated ageing tests that give insights about the performance changes of the 
material over time, theoretical models also exist that aim to predict this behaviour. 
However, the accelerated ageing data were captured in laboratories and the actual 
operating conditions for an engine mount are much more complex, which led the 
experimental results to be different from the reality. For the same reason, due to 
the complexity of the rubber matrix itself and the ageing conditions, theoretical 
models can only provide a non-accurate guidance about the material behaviour to 
designers. Thus, an understanding of how the ageing mechanisms affect rubber’s 
properties is needed. With the knowledge of how each ageing mechanism affects 
the rubber and how multiple ageing mechanisms act together, the ageing 
behaviour of rubber could be predicted based on actual mechanisms instead of a 
black box.  
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The published investigation of ageing mechanisms of rubber is not comprehensive 
enough for this purpose. Those investigations are either focusing on property 
changes that are led by a single ageing mechanism or establishing property 
changes and discussing possible ageing mechanisms without investigating their 
acting rates individually.  
This research will be focusing on establishing a comprehensive study identifying 
and analysing the ageing behaviour of rubber material used in a real-world engine 
mount, by investigating the connections between the changes on the specimen’s 
mechanical properties and the changes on its microstructures and chemical 
composition. Lab-controlled ageing methods will be used to simulate and deduce 
impact of individual ageing mechanisms and compare with real-life samples taken 
from used engine mounts. As mentioned, the material used in these engine mount 
that would be investigated in this research is a carbon black filled vulcanised 
natural rubber. 
This investigation could also be helpful for other applications involving long lifespan 
rubber components like in submarines [32] and bridges [33]. The flow chart shown 
















Figure 1.7 Flow chart of this study 
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CHAPTER 2. ELASTOMERS AND THEIR PROPERTIES 
Rubber is categorised as a type of elastomer, which implies that it is a type of 
polymer. Polymers were not invented by humans; millions of years ago, nature had 
already discovered them. Nowadays, they are everywhere on Earth. Protein, a kind 
of polymer, is the basis of most creatures on this planet. Collagen, keratin, silk and 
enzymes are all proteins. For green plants, one of the major components in their 
cell walls is a polymer – cellulose. Plants store energy by producing another kind of 
polymer – starch. The first rubber was also produced by plants and it is the first 
polymer humans ever used. Mesoamerican rubber balls were invented around 
1600 BC and were used in the Mesoamerican ballgame.  
After the Mayans, Charles Goodyear noticed that the rubber gum does not melt 
when heated in boiling sulphur, but charred. After many experiments to improve 
the whole process, the recipe for vulcanisation was found in 1839, which makes 
rubber more durable. The first synthetic plastic ‘Bakelite’ was produced in 1907 
and was used for electrical insulators. From the 1920s, polymers started to be 
produced in large scale and became the most used material in 1976 [34]. The 
consumption of rubber material has kept increasing since the beginning of the 20th 
century, as shown in Figure 2.1. 
 
Figure 2.1 - Rubber production from 1900 [35] 
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The aim of this research is to provide a deeper understanding on the ageing 
behaviour of rubber material in the engine mount. This chapter begins by exploring 
polymer materials in general, before investigating the existing literature regarding 
rubber, its ageing mechanisms and common characterisation methods, in more 
depth. 
 
2.1 Polymer Material 
As discussed in the introduction, the ageing of rubber material in the engine mount 
is expected to impact the driving comfort of the vehicle. Rubber is a type of 
polymer, and, in order to understand its ageing behaviour, the basics of polymer 
materials are critical. In this chapter, the fundamentals of polymers and their 
applications are briefly introduced.  
 
2.1.1 Formation of a polymer 
 A polymer represents a network of large molecules formed by repeating subunits. 
These subunits are called monomers; Figure 2.2 illustrates this relationship [36]. In 
this figure, the polymer chain represents a linear homopolymer – the polymer 
consists of only one type of monomer that forms long straight chains [37].  
The process of transferring monomers into a polymer is called polymerisation. 
There are two main polymerisation processes: chain growth polymerisation and 
step growth polymerisation [37]. For chain growth polymerisation, there are three 
steps: initiation, propagation and termination. The process is illustrated in Equation 
Figure 2.2 – Structure of linear homopolymer (left); A polymer network (right) 
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2-1, where R· represents free radicals with unpaired valence electron and M 
represents monomers. Initiators are needed to produce free radicals. The radicals 
will react with the monomers and become the new radicals that will react with 
other monomers. The polymer chain grows rapidly once the propagation is 
initiated, until it terminates with another growing chain.  
Initiation: 
𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 => 𝑅 · 
𝑅 · +𝑀 => 𝑅𝑀 · 
Propagation: 
𝑅𝑀𝑛 · +𝑀 => 𝑅𝑀𝑛+1 
Termination: 
𝑅𝑀𝑛 · + · 𝑀𝑚𝑅 => 𝑅𝑀𝑛𝑀𝑚𝑅 
Or 
𝑅𝑀𝑛 · + · 𝑀𝑚𝑅 =>  𝑅𝑀𝑛 +  𝑀𝑚𝑅 
Equation 2-1 - Chain growth polymerisation process 
For step growth polymerisation, no initiator is needed. Monomers react with each 
other and form dimers, which then react with the remaining monomers or other 
dimers to form trimers or tetramers. Those oligomers keep reacting with 
monomers or other oligomers to form a longer polymer chain. This process is 
shown in Figure 2.3. All reactions in this process have a considerably higher energy 
barrier and normally occur under a high temperature environment. 




Figure 2.3 – Step growth polymerisation process [38] 
The chain length depends on the reaction time and this polymerisation process is 
significantly slower than the chain growth process.  
 
2.1.2 Structures of polymer 
The formed polymer chains can be non-linear, which means branches can form on 
polymer chains. Those polymers are called branched polymers, the most linear 
chains in a branched polymer that represent the properties of the molecule the 
best are defined as the backbone chains. According to how the polymer chain 
branches, those polymers can be further categorised into comb polymer, brush 
polymer, star-shaped polymers, dendrimers and crosslinked polymers; Figure 2.4 
illustrates their structures. 
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Figure 2.4 – Typical structures of polymer [37] [39]  
Properties’ dependence on structure for polymers 
To explain the property changes caused by branching, a good example is HDPE 
(high-density polyethylene) and LDPE (low-density polyethylene). Figure 2.5 
illustrates their chemical structure. HDPE consists of long linear chains with a low 
degree of branching, and LDPE has a much higher degree of branching [40]. This 
makes the chains in LDPE become impossible to be packed as densely as those in 
HDPE.  
    
Crosslinked 
Figure 2.5 – Chain structure of HDPE and LDPE  
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This leads LDPE to have smaller density and weaker intermolecular force. Table 2-1 
makes a comparison between these two materials on their thermal, mechanical 
and optical properties. Examples of application of each material are also given. 
Material HDPE LDPE 
Melting point 134.85°C 109.85°C 
Tensile strength 43 MPa 24 MPa 
Density 0.96 g/cm^3 0.92 g/cm^3 
Transparency Semi-transparent  Transparent 
Applications Toys, pipes, utensils, etc. Plastic wraps, packaging 
foam, plastic bags, etc. 
Table 2-1 – Properties and Applications of HDPE and LDPE 
The branched polymer also has the chance to form a crosslinked network, in other 
words, instead of having free ends, the ends of branches are attached to other 
polymer chains as the one shown in Figure 2.4. This makes the polymer become 
stronger and maintain most of its mechanical properties under high temperatures. 
These connections are normally irreversible chemical connections. However, the 
good temperature tolerance comes with the fact that these crosslinked polymers 
are normally not recyclable. This type of polymer is called thermoset, which will be 
introduced further in later chapters. Due to the crosslinked structure, thermosets 
are not soluble which makes them unable to be tested by characterisation 
methods, which require specimens to be dissolved before testing. Methods exist 
that form crosslinks without turning the material into thermosets, which will also 
be introduced later.  
Properties of polymers with special structures 
For the star-shaped polymers shown in Figure 2.4, their unique molecular 
structure makes them highly compact and leads to a low radii of gyration and 
hydrodynamic radii, hence lowering the viscosity. Weaker intermolecular force 
results from its multi-arm structure, which leads to lower a melting point and 
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degree of crystallisation. They are often used as lubricants or an additive to motor 
oil as a viscosity control agent. It also contributes to hydrogels, ultrathin coatings, 
etc [41]. 
Dendrimers shown in Figure 2.4 are extremely difficult to be manufactured and 
can be much more expensive than gold. Their properties normally depend on the 
chemical group covering their surface, for example, loading hydrophilic group on a 
dendrimer’s surface can make it water soluble. A well-known application for a 
dendrimer is medicine delivery, by loading a chemical group that can target the 
infected cells on its surface and carry the medicine in its interior. This can 
effectively lower the side effects of the medicine on healthy cells [42]. 
Copolymer 
Copolymer means the type of polymer formed by different types of monomers. 
Copolymer with two types of monomer can be called a bipolymer, terpolymer for 
three types, quarterpolymer for four, etc.  
The arrangement of different types of monomers in a copolymer can vary its 
properties; according to how those monomers are arranged, the copolymer can be 
further categorised. Table 2-2 shows the name of those different arrangements. 
Name Structure (X, Y represent different 
monomer) 
Alternating copolymer X—Y—X—Y—X—Y—X—Y—X—Y 
Random copolymer X—Y—Y—X—Y—X—Y—Y—X—X  
Block copolymer X—X—X—X—X—Y—Y—Y—Y—Y 
Table 2-2 Types of copolymer 
The properties of copolymers can vary a lot, even with a tiny change in its 
arrangement, therefore, it is difficult to summarise the specific benefits of 
copolymers compared to homopolymers. In general, this nano-scale blend of 
different monomers brought the possibilities of getting new and better properties, 
like the discovery of alloy in the early ages [43]. Many thermoplastic elastomers are 
copolymers, with part of the polymer providing resilience properties, and part of 
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the polymer forming reversible connections between polymer chains. Moreover, 
although homopolymers can be branched, the copolymerisation process makes 
the final structure of the polymer, and, therefore, its properties, more controllable. 
Thermosets and thermoplastics 
As mentioned in previous sections, thermosets are polymers that have developed 
an irreversible chemical bond — crosslinks between individual chains that cannot 
be un-linked and make the polymer unable to melt under high temperatures. 
Thermoplastics represent polymers that can be reshaped and remoulded under 
high temperatures. Thermoplastics can still develop ‘crosslinks’ to enhance their 
properties, but the crosslinks needed to be reversible. This is normally achieved by 
two approaches: ionomers and block copolymers. Ionomers are copolymers 
consisting of non-polar chains and some polar side groups, the polar ionic groups 
attract each other and form connections equivalent to crosslinks under low 
temperatures. The block copolymer method requires the copolymer that consists 
of chains that are difficult to be packed up, and chains that are easy to be packed 
up;, the part that can be easily be packed up can form crystalised regions which 
work as crosslinks in this case. 
Crystallinity 
The polymer network is usually described as a plate of spaghetti, each spaghetto (a 
single strand of spaghetti) represents a polymer chain. Unlike other materials, 
polymers have a significantly higher molecular weight, the long polymer chains are 
all entangled together and the intermolecular force holds them in place. The chains 
are able to move or rotate when there is enough activation energy. The polymer 
can be partially ‘crystallised’ and forms regions with order as shown in Figure 2.6, 
caused by different chain structures, or by certain methods like cooling, solvent 
evaporation or stretching. The remaining region is referred to as amorphous 
region.  
 




Figure 2.6 - Partially crystallised polymer [44] 
These crystallised regions are called lamellae. Polymer chains in lamellae are 
closely packed and, therefore, dramatically increase the intermolecular forces 
inside these lamellae. Polymer chains that connect multiple lamellae are called tie 
molecules. This structure can, therefore, be considered as a reversible crosslinked 
network.    
The ratio of crystallinity is closely related to the structure of the material. 
Considering the LDPE and HDPE case mentioned earlier, lamellae are easier to 
form in HDPE due to its less branched structure. Polymers with syndiotactic 
branches also tend to be easier to pack up than polymers with atactic branches.  
Intermolecular forces 
As mentioned in previous chapters, intermolecular force is related to the 
properties for polymers. Except from the crystallinity of the material, the forces 
between elements and chemical bonds can also affect it.  
There are several types of intermolecular forces and the two that most closely 
relate to polymers are dipole-dipole force and London dispersion force [45]. 
Dipole-dipole force is produced when elements from different molecules with 
opposite charges attract each other. Figure 2.7 illustrates this relationship. In its 
special case of ‘hydrogen bonding’ this attraction force is much stronger. As the 
Crystalline region  
Amorphous region 
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chemical bond formed between a hydrogen atom and oxygen, nitrogen or fluorine 
atom provide large differences in their electronegativity. 
Cl I
I Cl






Figure 2.7 Dipole-dipole force 
The London dispersion force exists when molecules temporarily develop a dipole 
due to the movement of electrons that attract each other. Figure 2.8 illustrates this 
behaviour, where the large red dots represent the nuclei and black dots represent 
electrons [45].  
δ- δ-δ+δ+
 
Figure 2.8 London dispersion force 
Both the dipole-dipole force and the London dispersion force decay fast with the 
distance between the molecules. This makes intermolecular forces strong in the 
lamellae, as polymer chains are closely packed. By the difference on the overall 
strength of polymers’ intermolecular force, they can be categorised into fibre, 
plastic and elastomer [45].  
Fibres have strong intermolecular forces and a high degree of crystallinity, 
resulting in high stiffness and low flexibility. 
Plastics have moderate intermolecular forces and demonstrate both good 
mechanical toughness and a certain level of flexibility [46]. When the stretching 
force is strong enough, it will break enough interconnections and make the 
deformation irreversible. 
Elastomers have relatively low intermolecular force between chains, the reason for 
them to be flexible is because these chains, with weak intermolecular force, can be 
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easily twisted into different states under force. For a crosslinked elastomer, with 
chemical crosslinks or physical crosslinks, the chains can still return to their 
original configuration after large deformation. Figure 2.9 illustrates the elongation 
process of a network of chains, without and with crosslinks. In an un-crosslinked 
network, as chains are entangled together, they can still return to their original 
state if the deformation is under a certain limit.   
F F
 
Figure 2.9 Elastomer network under stretch   (left) un-crosslinked   (right) crosslinked 
By heating up polymer materials, they can become softer and for thermoplastics 
they will eventually melt into liquid. A high temperature environment will provide 
kinetics for the chains to transfer their states, because this kinetic acts against the 
intermolecular attraction force. On the contrary, under a low temperature 
environment, chains become very inactive and the polymer loses its flexibility.  
 
2.2 Elastomer 
As discussed in the previous chapter, the polymer material is a network of chains 
and those with weak intermolecular force between polymer chains are elastomers. 
It represents the type of material that has low stiffness and moderate yield 
strength, exhibits both elastic and viscous properties. Due to the unique behaviour 
of elastomers, they are often used in protective clothes, sports accessories, 
vibration absorbing devices, etc. The automobile industry has a high demand for 
elastomer materials, functionalities of car tires, and engine mounts heavily rely on 
their rubber components.   
Chapter 2 -- Elastomers and their properties 
22 
 
2.2.1 Dynamic response of elastomer 
A major functionality of elastomer material in a product is to reduce the 
transmitted vibration. Changes on the dynamic response of the elastomer material 
directly affect the product’s performance. 
Elastomers normally have extraordinary flexibility. They can be stretched to several 
times their original length. For an elastic material, strain represents the existence 
of stress that has a magnitude directly linked with the material’s modulus. Due to 
the chain network structure rubber has, it exhibits both elastic and viscous 
properties. Figure 2.10 illustrates some commonly used models for viscoelastic 
materials, they consist of damper and spring components and are applied in 
different scenarios.   
 
Figure 2.10 – Dynamic models for simulating viscoelastic materials [47] 
Due to the existence of a damping effect, when an elastomer is subjected to 
periodical load, there is a delay between the strain applied and the force detected. 
The damping effect causes the input energy to partially dissipate to heat energy. An 
illustration of this delay is shown in the left hand side of Figure 2.11. Under dynamic 
loading, the elastic modulus of a rubber is related to both its elastic and viscous 
properties, which are represented by the so-called storage modulus and loss 
modulus, respectively. The storage modulus represents the energy stored in the 
deformed material and will be recovered when the force is removed. The loss 
modulus represents the dissipated energy in the system, those energy are 
transferred into heat during movement of molecules and fillers [48]. The 
combination of these two is called dynamic modulus which represents the force 
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response of rubber under a given test condition, as shown on the right hand side of 
Figure 2.11.  
       
Figure 2.11 – Delay between stress and displacement (left) [49] / Viscous and elastic portion of 
dynamic modulus (right) [50]     
The properties of elastomer materials make them special, but those properties 
come from their complex internal structures and make investigation of this 
material rather challenging. Its properties are affected by many factors: its 
chemical composition determines the structure of the formed network; its 
manufacturing method affects how polymer chains are connected to each other; 
its loading conditions change rubber’s internal structure; its additives, most rubber 
materials used nowadays are composite materials, mixing rubber with other 
substances to achieve desired properties [27]; and its service time, the rubber’s 
properties change over time as various mechanisms would occur when rubber is 
exposed to different environments for a long time.  
Various researches have been carried out to establish a better understanding of 
the material and produce elastomers with more desirable properties. These 
studies include looking at possible additives or fillers to alter elastomers’ 
properties; investigation into the formation of crosslinks during the material’s 
forming process; conducting new characterisation techniques to reveal more 
insights about their physical and chemical properties; study of their degradation 
processes and property changes while ageing. All these researches aim to develop 
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2.2.2 Types of elastomer 
As mentioned in previous chapters, polymers can be split into two categories; 
thermoplastics and thermosets. Elastomers can be categorised in the same way, a 
few examples of elastomers in both categories are introduced in this chapter.   
Thermoplastics 
Styrenic block copolymers (SBC) 
SBCs consist of copolymer chains with polystyrene end blocks and a polydiene 
block in the middle. The polystyrene end blocks from different copolymer chains 
can be easily packed up and crystallised, which serves as crosslinks between the 
polydiene chains. The structure of SBCs can be seen in Figure 2.12. 
 
Figure 2.12 Structures for SBC 
A typical SBC polydiene block can be butadiene, isoprene, ethylene-butylene or 
ethylene-propylene, which forms SBS, SIS, SEBS and SEPS with polystyrene, 
respectively [51]. SBCs generally have good electrical and mechanical properties 
and they also tend to have good abrasion resistance. This makes them a good 
choice for cables, wires and shoe soles.  
Thermoplastic urethane elastomers (TPU) 
TPU consists of copolymer chains with low polarity soft long chains and short high 
polarity urethane segments. The hydrogen bonding between the urethane 
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segments makes the connection very strong, forming crystalline or pseudo 
crystalline regions. The long chains in the middle provide resilience to the material, 
which is normally linear polyester or polyether. Its structure is illustrated in Figure 
2.13. The properties of the TPU depend on the ratio between the soft and hard 
segments, and the component used for the soft long chain [51]. TPU can have good 
mechanical properties, as well as oxygen, ozone and abrasion resistance [52]. They 
can be used to make conveyor belts, footwear, hoses, etc. 
 
Figure 2.13 Structure of TPU [51] 
Thermoplastic polyamide elastomers (TPE-A) 
TPE-A also consists of soft segments and hard polyamide segments, where the soft 
segments can be polyester or polyether. The polyamide can be polyesteramide, 
polyetheresteramide, polyether-block-amide, etc [51]. The structure representing 
TPE-A is illustrated in Figure 2.14. The polyamide segments form crystalline regions 
with hydrogen bonding, TPE-A is considered to be one of the best thermoplastic 
elastomers due to its good performance and processability. They normally have 
good heat, chemical and abrasion resistance. They can be found in medical devices, 
sports equipment, motor systems, etc [53].  
 
Figure 2.14 Structure of TPE-A [51] 




Thermoset elastomers normally require the addition of curing agents during their 
manufacturing process for the crosslinks to be formed. Details of the curing 
process will be introduced in the next chapter. 
Chloroprene rubber, polychloroprene (CR) 
Polychloroprene was invented in the 1930 as one of the first synthetic rubbers [54]. 
It can be produced by free radical polymerisation, a type of chain growth 
polymerisation method. Figure 2.15 illustrates its structure. CR normally has good 
oil, ozone and abrasion resistance. It is also inflammable and would become stiffer 
under a high temperature environment. Its main applications include conveyer 







Figure 2.15 Structure of Polychloroprene 
Silicone Rubbers 
Silicon rubbers are inorganic as their backbone chains do not contain carbon. 
Figure 2.16 illustrates their structure; the backbone chain is formed by alternating 
silicone and oxygen atoms [51]. 









Figure 2.16 Structure of silicone rubber 
Silicone rubbers are normally more stable than organic rubbers; they tend to have 
superior temperature and ageing resistance, good elasticity and electrical 
insulation. They can be found in various applications under extreme environments, 
such as cooking tools, sportswear, high temperature electronics, aeronautics 
industry, etc [56]. 
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Butyl rubbers  
Isobutylene-isoprene rubber (IIR), chlorobutyl rubber (CIIR) and bromobutyl 
rubber (BIIR) all belong to butyl rubbers [51]. The chemical expression of the 
copolymer IIR is shown in Figure 2.17. Some of its properties depend on the 
number of carbon-carbon double bonds, a low double bond density means a good 
oxygen and ozone resistance. Halogens can be added to enhance the properties of 
IIR. Adding chlorine or bromine can turn IIR into CIIR or BIIR which exhibit better 
chain flexibility and cure compatibility when blended with some other rubbers. 






Figure 2.17 – Chemical expression of IIR 
Butyl rubber shows a good long-term property stability and thermal stability, 
excellent ozone and weather resistance and low gas permeability. Its wear 
resistance is bad, and it also shows a relatively poor resilience. Typical applications 
are steam hoses, waterproof film, footballs and inner tyres [54]. 
Nitrile Rubber (NBR) 
NBR is a copolymer consisting of butadiene and acrylonitrile, its chemical 
expression is illustrated in Figure 2.18. 
n m
CH CH2 CH2 CHCHCH2
CN  
Figure 2.18 – Chemical expression of NBR 
NBR has very good weather and heat resistance, and excellent oil and abrasion 
resistance, however, its ozone resistance is poor. NBR is a random copolymer and 
the percentage of acrylonitrile dominates the properties of the product [51]. A high 
acrylonitrile percentage leads to a high abrasion resistance, hardness, heat 
resistance and oil resistance with the risk of having poor cold resistance. NBR can 
be blended with IIR to achieve better weather resistance and thermal stability. 
Typical applications are non-latex gloves, protective clothes, seals and applications 
requiring good oil resistance. 




 Natural rubber is one of the most demanded elastomers for commercial use [57]. 
It is harvested from the latex produced by the rubber tree – Hevea Brasiliensis. 
More than 200 species of plants produce natural rubber, but the rubber tree is the 
major source due to its commercial advantage on production rate. The chemical 
expression of natural rubber is shown in Figure 2.19 which represents cis-1,4-
polyisoprene [40]. It has excellent mechanical properties such as tensile strength, 
elongation at break, tear resistance and wear resistance. However, it has relatively 
low weather and ozone resistance and is not suitable to be used under a high 
temperature environment. Typical applications are tyres, conveyor belts, footwear, 







Competing synthetic rubber  
There are many synthetic rubbers that were developed as alternatives to natural 
rubber. Styrene-butadiene rubber (SBR), polyisoprene (IR) and polybutadiene 
(BR) can all fall into this category [51]. 
 SBR is the most demanding synthetic rubber and it is a co-polymer consisting of  
the chemical units shown in Figure 2.20. Its properties are fairly similar to natural 
rubber as it was developed as an alternative for natural rubber during World War 
II. Its abrasion and ozone resistance are slightly better than natural rubber but it 
has a shorter elongation at break and lower modulus.  
n m
CH CH2 CH2 CHCHCH2
 
Figure 2.19 Chemical expression of natural rubber 
Figure 2.20 – Chemical expression and components of SBR 
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IR is the synthetic version of natural rubber as they share the same chemical 
formula. It is purer than natural rubber harvested from the rubber tree as natural 
rubber has other organics in it like proteins, fatty acids, resins, etc. For this reason, 
IR has a better property consistency compared to NR, and does not have the 
allergenic problems caused by tree organics [58]. Moreover, the industrial 
manufacturing process of IR means it has significantly better processability than 
NR. However, due to the isomerism problem, the IR can consist of other isomeric 
structures of polyisoprene, as shown in Figure 2.21 [51]. Although, by controlling the 
polymerisation conditions, the composition can be controlled fairly well, the 
percentage of cis-1,4-units still cannot reach 100% as NR have. The result is that the 




















cis-1,4 polymer trans-1,4 polymer
1,2 polymer 3,4 polymer  
Figure 2.21 – Chemical expression and variations of IR 
BR was developed due to its excellent cold resistance, it also has very high 
resilience. It is difficult to process unless blended with other elastomers. In most 
applications SBR, IR and BR will be blended with natural rubber to achieve desired 
properties [51]. The percentage of each component varies depending on the 
demanded performance of the product. The applications of these materials are all 
similar to natural rubber. 
 
2.3 Factors Affecting Properties of Rubber  
As mentioned in the previous section, rubber’s properties are affected by many 
factors. This chapter reviews the most general ones and those that are closely 
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related to this research, as well as factors that affect their properties, including 
their manufacturing processes, composition, microstructures and operating 
conditions.  
 
2.3.1 Manufacturing method 
There are various manufacturing methods available for elastomer materials, 
including extrusion, compression moulding, injection moulding, transfer moulding, 
etc [59].   
Dong (2013) showed NEXPRENE samples prepared with compression moulding 
and injection moulding can get about ±20% difference on storage modulus, even 
with the same mould temperature. The chamber pressure in compression 
moulding affects the material differently under different temperatures [60]. For 
example, at 177 °C, storage modulus of NEXPRENE samples manufactured under 
103 bars of pressure were 30% lower than samples manufactured under 138 bars. 
But, under 221 °C, the storage modulus of a sample made under 103 bars were 25% 
higher than samples made under 138 bars [60].  
Skrobak et al. (2016) showed an increase of about 10% on tensile strength for 
injection moulded NR BR blend when compared with compression moulded 
samples, even under the same mould temperature and chamber pressure [61], and 
suggested the difference could be caused by different chain arrangements in the 
samples. Skrobak et al. (2018) showed similar modulus difference on EPDM rubber 
manufactured with both methods under the same temperature and pressure, 
where injection moulded samples have a 10% higher tensile modulus [62]. 
 
2.3.2 Radiation 
When rubber is exposed to a radioactive environment, chain-scission and 
crosslinking would be triggered, the dominating mechanism depends on the type 
of rubber. Kopal et al. (2018) illustrated the tensile modulus of nitrile rubber blend 
increased by 40% to 200% with an increasing radiation dose [63]. Shubhra et al. 
(2010) showed that the tensile modulus of polypropylene/natural rubber 
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Oxidation could trigger chain scission or crosslinking in rubber material. Colin et al. 
(2007) showed that the tensile modulus of polyisoprene could decrease by more 
than 50% when aged in air under various temperatures [65]. Gu et al. (2006) 
showed that the tensile modulus of high damping rubber used in bridge bearing 
increased by more than 100% when aged in air under 70 °C [66].  
There are two important factors that this process depends upon, apart from 
contacting oxygen: temperature and UV-light intensity [67]. The temperature 
provides kinetics to the Oxidation process, and UV-light can significantly accelerate 
the process of producing radicals. Gu et al. (2006) showed that the tensile 
modulus of tested rubber increased by 50% under UV radiation [66].  The detailed 
process will be introduced in Chapter 2.4.1.  
Ozonation 
Ozonation is triggered when the elastomer reacts with ozone in the atmosphere. 
The ozonation process leads to a well-known phenomenon called ozone cracking, 
an example on a vehicle tire is shown in Figure 2.22.  
 
Figure 2.22 – Ozone attack caused cracks on a tyre [68] 
 
2.3.4 Hydrolysis 
Some polymers or elastomers could react with water molecules, which normally 
leads to chain scission to the polymer network, and, therefore, reduces the elastic 
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modulus. Furukawa et al. (1999) showed more than 15% of elastic modulus 
reduction on polyesterurethane elastomers with various side groups caused by 
hydrolysis [69]. Wanamaker et al. (2008) showed a decrease of elastic modulus up 
to 50% on a thermoplastic elastomer (polylactide-polymenthide-polylactide 
triblock copolymer) caused by chain scission introduced by hydrolysis [70]. 
 
2.3.5 Fillers and additives  
Fillers 
Fillers are added to modify elastomers’ stiffness, abrasion resistance, friction 
coefficient, chemical resistance, etc. Carbon black is the most recognised filler in 
the industry due to its great balance between cost and reinforcement 
performance. There are some other kinds of filler which are used to meet special 
requirements. Silica fillers provide higher stiffness but lower tensile strength, 
calcium carbonate is suitable for cheaper and lighter colour applications [71] [72]. 
Kamal et al. (2009) showed that the storage modulus of natural rubber could be 
increased by 150% after adding 73% weight calcium carbonated fillers, 200% with 
49% weight carbon black filler and 1400% with 54% weight silica fillers [71]. The 
fillers interact with rubber chains next to them and constrains their movement. 
More detailed explanations are given in the next chapter. 
Vulcanisation additives 
For most raw thermoset elastomers described in previous chapters, their 
mechanical properties are not strong enough to be used. The chains would flow 
with the deformation and can easily be permanently deformed. Their mechanical 
properties rely heavily on the surrounding temperature; a hot environment makes 
them soft and a cold environment makes them brittle. Most applications 
mentioned previously require the rubber used to be vulcanised beforehand. In the 
vulcanisation process, curatives are added to the rubber and the rubber is then 
put into a high temperature and high pressure environment. Those added 
curatives will act as bridges between polymer chains.  
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As mentioned previously, the polymer chains are entangled together, and are free 
to rotate under stress, when they are linked to each other, the movement of 
polymer chains will be constrained and lead to a higher overall stiffness. This link 
between polymer chains is referred to as crosslinks, shown in Figure 2.23 where 
grey atoms are carbon, write atoms are hydrogen and yellow atoms are sulphur. 
Due to the strong connecting force from covalent bonds, even under an extreme 
temperature environment, the movement of elastomer chains are well constrained 
and lead to a good thermal stability [37]. 
 
Figure 2.23 Crosslink between polymer chains [73] 
The commonly used curatives are polymeric sulphur and peroxides. The selection 
of curative is based on their solubility in different elastomers. Sometimes 
accelerators and activators are needed to achieve a designated crosslinking rate 
and quantity for obtaining the desired property enhancement [74]. Thiazoles, 
Thiurams and Sulfenamides are all common choices for accelerators in the 
vulcanisation process, and zinc fatty acid ester, which is formed by fatty acid and 
zinc oxide inside the material, is a common activator [74]. Figure 2.24 illustrates the 
chemical structures of the mentioned curatives and accelerators.  





































Kruželák et al. (2016) reviews the difference between sulphur-cured rubbers and 
peroxide-cured rubbers. Sulphur cured normally has better mechanical 
properties, such as tear strength, abrasion resistance and fatigue resistance [75]. 
Their work in 2017 showed that the tensile strength of sulphur-cured natural 
rubber is 100% higher than peroxide natural rubber [76]. Peroxide cured rubber 
tends to have better heat-ageing stability and electrical properties. Stelescu et al. 
(2016) suggests that this difference is caused by the higher bond strength between 
carbon-carbon crosslinks formed in the peroxide system, making them harder to 
be separated but more rigid [77]. 
The amount of vulcanisation agent and additives added in the vulcanisation process 
affects the formed crosslinks. According to the composition, the curing system can 
be categorised into conventional vulcanisation (CV), effective vulcanisation (EV) 
and semi-effective vulcanisation (SEV) systems. Rohana Yahya et al. (2011) found 
that the tensile strength of CV-cured natural rubber could be 100% higher than EV 
cured rubber [78]. The composition and pros and cons of those systems are listed 
in Table 2-3, where phr stands for per hundred rubber.  
 
Figure 2.24 Chemical structures for common vulcanisation additives 





Sulphur Accelerator Properties 
CV 2-3.5 phr 0.4-1.2phr Network consists of more than 95% di- 
and polysulphidic links, which are 
unstable under heat. However, it 
provides excellent mechanical 
properties.  
EV 0.4-0.8 phr 2-5 phr Primarily formed by monosulphidic and 
disulphidic bonds. Although it provides 
lower modulus, it means EV cured 
rubbers have better heat and oxidation 
resistance. However, EV cured rubbers 
are usually not suitable for dynamic 
applications due to their poor fatigue 
resistance.  
SEV 1-2 phr 1-2.5 phr An intermediate curing method 
between CV and EV. Usually selected 
when the application needs both heat 
and fatigue ageing resistance. 
Table 2-3 Differences between curing methods 
Protective chemicals 
Various chemicals can be added into the elastomer materials to enhance their 
capabilities of working under different harsh environments. Those chemicals are 
added to protect the elastomer from reacting with environmental hazards. For 
example, antioxidants are added to reduce the chemical reaction between the 
elastomer material and oxygen. Figure 2.25 illustrates the chemical structures of 
some common protective chemicals.  
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Although these antioxidants and antiozonants have no direct influence on the 
mechanical properties of the material, their existence delays the progress of 
oxidation. 
Paraffin wax can be used as a protective additive, too. Instead of interacting with 
the chemical reactions, it forms a protective layer on the surface of the elastomer. 
Although paraffin wax’s function is to protect the material from the surrounding 
environment, Abu-Abdeen (2000) showed the Young’s modulus of a SBR/NR blend 
decreased by 150% by increasing the paraffin wax content, from 0% to 40% [79]. 
There are also other protective additives commercially available that increase the 
elastomer’s heat resistance, radiation resistance, corrosion resistance, ultraviolet 
resistance, etc.  
Functional chemicals 
Functional chemicals are added into the elastomer material to adjust its physical 
properties. Plasticisers are added to increase the softness of an elastomer and 
enhance the dispersion of fillers. Commonly used plasticisers include mineral oil, 
ester plasticisers, phthalate-based plasticisers, adipate-based plasticisers, etc. 
Włoch et al. (2019) showed the tensile modulus of carbon black filled natural 
rubber decreased by 20% when increasing plasticiser amount from 2% to 8% [80]. 
The measured crosslink density also changed in some works, however, the 
Figure 2.25 Protective chemicals in rubber materials 
Hindered Amine Light Stabiliser (HALS) p-Phenylenediamine 
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measurement did not consider the weight change caused by extraction of 
additives during the swelling process [81]. 
Tackifier resins are added to products that require good tackiness between the 
elastomer material and its contacting surface like tyres or V-belt. Tackifiers tend to 
be sticky materials that have a low molecular weight. They disperse in the 
elastomer product and, therefore, enhance the material’s tackiness.  
 
2.3.6 Volume swell 
When a rubber component encounters certain liquid, it may swell and lead to an 
increase in volume which affects the performance of the product [82]. Zielińska et 
al. (2016) suggested that the swollen specimen could get lower elastic modulus 
due to breakdown of filler-filler bonds, as well as the presence of a void in the 
rubber network caused by swelling [83]. Qamar et al. (2010) showed a volume 
increase of more than 100% for an EPDM-type elastomer swelled in water and oil, 
the hardness of the specimen kept decreasing in the process from above 70 Shore 
A to below 40 Shore A [84].  
 
2.3.7 Under dynamic loading 
Due to the complexity of rubber’s material structure, its elastic modulus also 
depends on the operating conditions. The most significant dominators are strain 
rate, temperature and elongation. As described previously, the rubber is a network 
formed by polymer chains and the chains are entangled all the time. If the 
deformation is slow, the chains will take their time to transfer smoothly to the next 
stage. However, if the deformation is relatively fast, the chains will start to show a 
greater resistance on the deformation. Thus, a fast deformation will lead to a high 
elastic modulus. The temperature acts in a similar way; under a low temperature 
the material would behave like glass, as low temperatures increase the energy 
required for the chains to move around. This temperature is known as the glass-
transition temperature. Figure 2.26 shows the dynamic modulus of viscoelastic 
material under different temperatures and frequencies. 




Figure 2.26 – Variation of elastic modulus under different temperatures/frequencies [85] 
After the rubber is manufactured, the chains are likely to be at their lowest energy 
state, however, it is also possible that there exists an even lower energy state but it 
requires a certain activation energy for the chain to transform into it. Or, some 
chains could be permanently broken due to a large deformation. Thus, whenever 
rubber is stretched to a new maximum strain, a reduction on the elastic modulus 
before this maximum strain is expected. This is the Mullins effect, and it is shown in 
Figure 2.27. When the material is deformed to a certain strain for the first time, the 
stress required is represented by curve 1,4 and 7. The reduced stress is 
represented by curve 3, 6 and 9. In reality, multiple loading cycles are required for 
this reduction of modulus to become stable. In filled rubber, some permanent loss 
of connections between polymer chains and fillers would also lead to this effect.  
 
Figure 2.27 – Mullins effect on elastomers [86] 
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Another well-known strain related phenomenon for filled rubbers is the Payne 
effect. In a filled rubber, there exists chain-filler interfaces. This connection can be 
broken under a large strain and lead to a lower elastic modulus. This is the Payne 
effect and Figure 2.28 illustrates this behaviour. At around 20% strain, most of the 
chain-filler connections are temporarily broken, the elastic modulus of the 
material will be close to its original modulus before the reinforcement. However, 
when the force is removed, most of the broken chains will be reconnected and, 
hence, this loss of modulus is not permanent [87]. Elastic modulus is usually 
measured by using dynamic (thermal) mechanical analysis technique. However, 
depending on the condition of the sample, a hardness test and nano-indentation 
can be used to obtain properties that can represent elastic modulus of the 
material. 
 
Figure 2.28 – Payne effect on filled elastomers [88] 
 
2.4 Underlying Causes and how to Measure Them 
As described in the Chapter 2.3, elastomers are affected by many factors. This 
chapter briefly explains how they alter the material structures and lead to impact 
on the elastic modulus of the material.  
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2.4.1 Crosslink density  
Crosslink density represents the number of crosslinked points in a unit volume 
[89], which is known to be directly related to the modulus of the material. Sperling 
(1986) indicated that there is a direct connection between the Young’s modulus 
(E) of the elastomer and its crosslink density [90]. This relationship is shown as 
Equation 2-2.  
𝐸 = 𝑣𝑅𝑇 
𝒗 𝑹 𝑻 
Crosslink Density Gas Constant Kelvin Temperature 
Equation 2-2 Crosslink density and Young's modulus 
Fei Zhao et al. (2011) showed this linear relationship for an unfilled natural rubber.  
Although Young’s modulus is representing the elastic modulus of the rubber in 
quasistatic measurements, it could indicate that the dynamic modulus of the 
elastomer is directly related to its crosslink density [91].  
Both crosslinking and chain scission changes the measured crosslink density [92] 
[93]. As mentioned in the previous chapter, the curing process for rubber products 
is the stage when the crosslinks develop. Oxidation, ozonation, radiation and 
hydrolysis can all effectively impact the measured crosslink density.  
Vulcanisation process 
The vulcanisation process is one of the most important discoveries in the rubber 
industry. Its development is closely related to many applications of elastomer 
materials. Figure 2.29 illustrates this process, although the chemical expression is 
simple and clear, the process is time consuming and inefficient. The original 
process takes about six hours under a temperature of 140 °C, on average, the 
crosslinks consist of more than 40 sulphur atoms. 




Figure 2.29 Sulphur vulcanisation [94] 
After years of research, various additives were discovered to accelerate and 
increase the efficiency of the process. Vulcanisation agents other than sulphur 
were also discovered. The mechanisms involved in the vulcanisation process are 
complex and still not fully understood, except some widely accepted basic steps. 
Accelerators usually consist of nitrogen and hydrogen atoms, they speed up the 
vulcanisation process by helping to convert the sulphur molecule into crosslinks. 
N-oxydiethylene-2-benzothiazole sulphonamide (MBS) is a typical sulphenamide 
accelerator, its chemical expression is shown in Figure 2.30.  
 
Figure 2.30 MBS chemical expression [94] 
Figure 2.31 illustrates how MBS is transferred into active accelerator BtSSBt. 
polyisoprene sulphur 
crosslinked poly(isoprene) 




Figure 2.31 MBS transfer to active accelerator [94] 
The active accelerator can then transfer into crosslink precursor, as shown in 
Figure 2.32. 
 
Figure 2.32 Transferring from active accelerator to crosslink precursor [94] 
The addition of activator leads to the formation of another active accelerator – 
BtSZnSBt. It also increases the efficiency of the process by reducing the formation 
of monosulphidic radicals, a chemical that terminates without forming crosslinks. 
This behaviour is shown in Figure 2.33. 




Figure 2.33 Comparison between crosslink precursor with and without the addition of Zn [94] 
With the addition of accelerator and activator, the energy barrier in the 
vulcanisation process is brought down from 210KJ/Mole to less than 125KJ/Mole 
[95]. 
The formed crosslinks and side product during the process can be in the states 
illustrated in Figure 2.34. 
 
Figure 2.34 Different types of crosslinks [78] 
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When using peroxide curatives, the vulcanisation process between peroxide and 
natural rubber is illustrated in Figure 2.35. 
 
Figure 2.35 Peroxide curing process [75] 
Ionising radiation 
As mentioned in Chapter 2.3.2, radiation can trigger crosslinking or chain scission. 
When the natural rubber is exposed under radiation with enough energy 
(ionisation energy of hydrogen is 14eV [96]), the C-H bond starts to dissociate and 
produces free radicals, as illustrated in Equation 2-3 [97]. The NR – H represents 
the C-H bond in the natural rubber and the symbol (·) stands for free radical. 
NR − H => NR − H ·    (𝑎𝑐𝑡𝑖𝑣𝑒 𝑤𝑖𝑡ℎ 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛) 
NR − H ·=> NR − H+ + e−    or   NR − H => NR · +H · 
NR − H+ + NR − H => NR · +NR − H2
+ 
NR · +NR − H2
+ + e− => NR − NR   (crosslinking) 
H · +NR − H => NR · +H2 
Equation 2-3 Progresses of ionising radiation 
The dominating mechanism varies in different materials. The occurrence rate of 
crosslinking is about 20 times more than chain scission in natural rubber, which 
means that natural rubber is likely to be crosslinked and become stronger under 
radiation.   




As mentioned in the previous chapter, oxidation can significantly influence the 
mechanical properties of the rubber material. oxidation is a problem for many 
materials as oxygen in the atmosphere is extremely reactive. By oxidising the 
material, its chemical composition will be changed due to the reaction between 
oxygen and rubber chains. It also triggers chain scission and crosslinking that 
changes the crosslink density. The general process of oxidation in rubber material 
is shown in Equation 2-4. Where R stands for rubber, H stands for hydrogen atom 
and O stands for oxygen [98]. 
Initiation: 
RH => R · +H · 
Propagation: 
R · + 𝑂2 => ROO · 
ROO′ + RH => ROOH + R · 
Branching: 
ROOH => RO · + · OH 
RH +· OH => R · +𝐻2𝑂 
RO · +RH => ROH + R · 
RO′ => RO + R (Chain scission) 
Termination: 
ROO · +ROO · 
ROO · +R · 
R · +R · 
Equation 2-4 Steps of oxidative degradation 
There are two important factors that this process depends on, apart from oxygen: 
temperature and UV-light intensity. A higher temperature increases the reaction 
 All triggers crosslinking  
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rate of the oxidation process, and UV-light can significantly accelerate the process 
of producing radicals. This relationship is illustrated in Figure 2.36. 
 
Figure 2.36 Oxidation cycle of polymer [67] 
Once the oxidation occurs, both crosslinking and chain scission process are 
triggered. Crosslinking leads to a stronger connected polymer network, increase 
the material’s modulus and reduce the elongation at break [75], as the entangled 
polymer chains are restricted from moving freely. Chain scission caused by 
oxidation can happen on both the existing crosslinks and the backbone chains. 
When the chain scission occurs at the backbone chains, it leads to a shorter 
average backbone chain length. The elongation at break of polymer material relies 
on stretching up the entangled polymer chains, shorter chain length reduces the 
elongation at break as well as the modulus of the material [99]. The occurring rate 
for both mechanisms depends on the material. The occurrence of chain scission is 
at a predominate position for natural rubber [100] and the material tends have 
lower modulus and elongation at break once oxidised [101].  
Bonfils et al. (1999) have suggested the possibility of changing the dominating 
mechanism (from chain scission to crosslinking) inside natural rubber during 
ageing, due to the shortage on oxygen diffused into the interior of rubber samples. 
This is because the recombination of free radicals produced in the initiation and 
propagation stages in Equation 2-4 become more frequent [102], as the lack of 
oxygen reduces the formation of 𝑅𝑂𝑂 · and therefore 𝑅𝑂 ·, which leads to chain 
scission. Especially, according to R. L. Clough and K. T. Gillen (1991), the rapid 
oxygen consumption near the surface region during the oxidation process together 
with antioxidants behave as a barrier, prevent oxygen from diffusing into the 
interior of the material [103].  




Ozone reacts with the double bonds in elastomer materials and causes chain 
scission to occur, Figure 2.37 illustrates this process. The breakdown of backbone 
chains could make the material lose its extensibility. It would generate tiny cracks, 
especially under deformation, which grow with time, leading to the ozone cracking. 
 
Figure 2.37 - Ozonation of elastomer [104] 
Critical depth 
These processes rely on oxygen and ozone to take place, and hence, it mainly 
occurs at the near surface region of the material. The depth of the effect is related 
to the ageing time and temperature, ranging from millimetres to decimetres 
depending on the material. Muramatsu et al. (1995) discovered the depth at which 
the material is relatively unaffected by oxidation is proportional to the exponential 
of the reciprocal of the ageing temperature [105]. This is called the ‘critical depth’ 




𝒅 𝜶 & 𝜷 𝑻 
Critical depth Constant to be determined Temperature 
Equation 2-5 Critical depth of oxidation 
The calculation of the constants requires testing the same material aged under 
different temperatures. Y. Itoh et al. (2009) made a correlation for natural rubber 
used in bridge bearing, based on properties changes of the material aged under 
60, 70 and 80 degrees Celsius at varies depth throughout the sample [33].  




Another mechanism that can lead to chain scission that damages the elastomer’s 
performance is hydrolysis. For example, when certain elastomers contact water or 
hydroxyl ion, the process shown in Figure 2.38 would occur.  
 
Figure 2.38 – Process for chemical degradation [106] 
 
Measuring techniques for mechanisms that lead to crosslink density 
changes 
The swelling technique is the most common method to measure the crosslink 
density of an elastomer [107]. Saleesung et al. (2015) and Young Kee Chae et al. 
(2010) used NMR (nuclear magnetic resonance) to produce comparable crosslink 
density measurements, which correlates results from the swelling technique well 
[108] [109]. 
 
2.4.2 Chemical composition 
Oxidation, ozonation, and hydrolysis lead to chemical reactions and changes on the 
chemical composition of the material. Methods for measuring these phenomena 
can, therefore, be Fourier-transform infrared spectroscopy (FTIR) and Raman 
spectroscopy. With the FTIR technique, Rohana Yahya (2011) found that the 
intensity of C=O bond increased due to oxidation of natural rubber [110], Ik-Sik Kim 
et al. (2016) observed intensity increases on the O-H, C-O and C=O double bond 
[111]. Wu and Zhang (2019) used Raman spectrometry to find indicators of oxidation 
for silicone rubber [112]. 
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2.4.3 Filler dispersion and distribution  
The addition of fillers increases the stiffness of the material because it constrains 
the movement of polymer chains [72]. The gaps between polymer chains are 
occupied by those fillers and leave them less space to transform.  
Filler particles normally range from 10 to 100 nm in diameter and fuse together to 
form aggregates in the rubber network. The aggerates then flocculate others via 
Van der Waals force to form agglomerates. The interaction between elastomer 
chains and fillers is crucial to the performance of the reinforcement. The 
interacting rubber chains are called bound rubber, and, according to the way the 
chains are incorporated with the fillers, they are categorised as rubber shell, 
occluded rubber and trapped rubber, as shown in Figure 2.39, the reinforcement 
strength reduces as chains get further away from the fillers. Fei et al. (2012) 
showed the addition of carbon black filler increased the measured crosslink 
density of natural rubber by 15% [113]. 
 
Figure 2.39 Types of bound rubber [114] 
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The size, composition, dispersion, distribution and morphology of the filler 
particles, therefore, affect the performance of the product. Filler dispersion 
represents sizes of formed aggregates and distribution represents space between 
clusters of fillers, as shown in Figure 2.40.  
Figure 2.40 Filler dispersion and distribution 
Wen Fu et al. (2019) showed that, from 0% to 60% carbon black filler content, the 
tensile modulus increased by about 20% to 500% and the measured crosslink 
density varied from about -50% to 130% [115]. Sihwan Kim et al. (2016) showed for 
the epoxy-carbon nano tube composites, the elastic modulus of a sample with 
good dispersion can be 5% to 20% higher than the sample with poor dispersion 
[116].  
SEM (scanning electron microscope) has been used to detect the carbon black 
distribution [117] [118], TEM (transmission electron microscopy) can also be used 
[119]. Syed K.H. Gulrez et al. (2014) has suggested the electrical conductivity of filled 
polymer is also related to the filler distribution and dispersion. The poorly 
distributed but well dispersed filler network can provide the best conductivity as 
continuous conductive paths can be formed [120]. Gustavo et al. (2003) also 
suggested that the changes to conductivity can be caused by aggregates movement 
in the carbon black filled rubber [121]. 
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2.4.4 Additive concentrations  
Antioxidants protect the product in several different ways. Sterically hindered 
phenols react with free radical scavengers and terminate the oxidation process. 
Phosphites decompose the peroxides that would cause further oxidation [122]. 
Hindered amine is also a commonly used additive that is usually used to prevent 
the photo-oxidation process of polymer materials. Some of the diamine additives 
are often used to cope with ozone that reacts with C=C bond in elastomers. After 
antioxidants are consumed in the process, the material would become vulnerable 
to oxidation. 
Plasticisers normally have a low molecular weight and fit in between elastomer 
chains. The increased space between elastomer chains makes the chains require 
less energy to move around. As mentioned in the previous chapter, the 
concentration of plasticisers and paraffin wax are related to the material’s elastic 
modulus. The additives were added to modify the rubber’s properties, 
concentration changes of additives often lead to changes of properties.  
Both the activated carbon method and TGA (thermogravimetric analysis) can be 
used to measure the content of volatile additives [123] [124]. Liu et al. (2017) used 
GC-MS (gas chromatography-mass spectrometry) to identify the concentration 
changes of additives in nitrile rubber and suggest the possible identity of these 
additives [125]. Kump et al. (1996) used X-ray fluorescence to examine metal 
elements in rubber material to deduce relevant additives [126]. 
 
2.4.5 Cracks 
Cracks can cause changes in mechanical performance, but ozonation causes the 
cracking. It can significantly reduce the tensile strength of an elastomer [127]. 
Cracks are damaging to the material’s integrity and lead to a different stress 
distribution [128]. Interfaces created when the crack forms generate extra friction 
inside the material, stress concentration at the crack tips also changes the stress 
distribution in the material. The changing of the size and distribution of the cracks 
is difficult to be observed by the naked eye, but can be measured by SEM [129]. 




When chemicals with a low molecular weight are added into a solvent, if the 
strength of the chemical’s inter molecular interaction is weaker than the molecule-
solvent interaction then the chemical will eventually dissolve in the solvent. For 
polymers, however, the chains are entangled together and, even though the 
attraction force from the solvent is strong, the polymer cannot be easily dissolved. 
Because solvent has strong interactions with polymer chains, the polymer will 
disperse eventually with a much longer time for dissolving. As for those solvents 
that have a relatively lower interaction force, the solvent is likely to be absorbed by 
the polymer without further dispersing process. The volume and compliance of the 
material will increase due to this absorption of solvent and a diagram illustrating 
this process is shown in Figure 2.41. The degree of swelling can be measured by 
comparing the weight or volume changes before and after soaking the elastomer in 
the interested liquid. 
 
Figure 2.41 – Dissolving and swelling process for polymers [130] 
 
2.5 Effect of Time and environment 
Some of the factors mentioned in previous chapters are time dependent, and 
some are related to the operating conditions of the rubber product, which means 
these factors only impact when continuously exposing the material under certain 
environmental conditions. These factors, that change over time, are the ageing 
mechanisms of the material. This chapter summarises these ageing mechanisms 
and discusses the time of ageing. 
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2.5.1 The ageing mechanisms 
The factors that require chemical reactions to occur are time related, as reactions 
take time. The factors that could be affected by diffusion of particles would also 
likely to be related to ageing, as the migration of a solid substance can be 
significant over a long period of time.  
Post-curing and thermal degradation 
These two mechanisms are considered together, as for vulcanised rubbers they 
occur simultaneously. The addition of curatives connects nearby polymer chains 
during the vulcanisation process to develop crosslinks. The rubber with the 
curatives will be sent into a heating chamber to accelerate the crosslinking 
process. However, as Choi (2000) pointed out, the post-curing effect can take 
place after the manufacturing process caused by the remaining curatives in the 
system, which leads to an increase of crosslink density and stiffening of the 
material. The reaction between pendent sulphides groups can also contribute to 
this stiffening effect [131]. This phenomenon usually occurs in conventional cured 
rubbers due to the higher usage of curatives in the system and, therefore, is less 
significant in rubbers made by the effective vulcanisation process [131]. The 
crosslink density of conventional cured natural rubber increased by 20% after five 
days under 60 °C and 40% under 100 °C. In the case of thermal degradation, 
Onyshchenko (2016) pointed out that, under elevated temperatures, the 
decomposition reaction can lead to loss of crosslinks [78].  Reid Shelton and Winn 
(1944) showed tensile modulus of Buna-S rubber increased by at least 20% under 
80 °C for more than 2 days in nitrogen gas [132]. 
Ionising radiation 
Ionising radiation are waves or particles travelling with energy. The carried energy 
ionises the molecules when it encounters the material. The total energy received is 
represented by the absorbed dose, which is related to the strength of the radiation 
and the exposure time [133]. Both work from Kopal et al. (2018) and Shubhra et al. 
(2010) showed the increasing impact caused by increasing absorbed dose [63] [64]. 
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Oxidative degradation, ozonation and hydrolysis 
All these mechanisms involve reaction with substances in the environment and 
belong to chemical degradation. The reaction involved requires time to act and the 
reactive substance also needs time to diffuse into the material.  
Kim et al. (2016) showed that under UV-light, the intensity of O-H bonds in the 
natural rubber samples kept increasing with increasing exposure time. The relative 
abundance of O-H bonds, which is calculated from FTIR peak, representing the O-H 
bonds intensity, increased by 10 times after nine days of ageing [111]. Their work in 
2019 showed the relative abundance of C=O relevant groups kept increasing for 33 
days under an ozone environment.  
Celina et. al (1997) showed that on the surface of 2mm thick nitrile rubber, the 
intensity of C=O bond increased by 12 times after eight days into ageing under 
140 °C and seven times after 28 weeks into ageing under 100 °C. The C=O bond 
intensity in the centre of the sample aged under 140 °C is unchanged, the intensity 
of C=O bond increased by six times across the entire sample for the one aged 
under 100 °C [134]. This difference is caused by the critical depth mentioned in the 
previous chapter. 
Furukawa et al. (1999) aged polyesterurethane elastomers under 100 °C water for 
five days and the elastic modulus of the sample kept decreasing during this 
process [69]. 
Filler re-agglomeration 
For filled rubber, the filler particles inside can diffuse around during ageing. As 
mentioned in previous chapters, the size and shape of filler clusters can impact the 
properties of the elastomer. This process can be accelerated with energy input, 
Zhang et al. (2014) showed cyclic loading can lead to changes on the filler network, 
which may be responsible for about 2.5% changing on storage modulus for rubber 
that has experienced 100k cycles [119]. Garnier et al. (2013) indicated that, after the 
stress softening caused by the Mullins effect, releasing of occluded rubber can 
lead to a reduction of elastic modulus for rubber under cyclic loading [28] [119]. 
Zhang also suggested that the filler particles would gather up again in a more 
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uniform format, and the reformed aggregates would contain polymer chains that 
try to penetrate through. Both factors can lead to an increasing of elastic modulus.  
Azura and Leow (2019) suggested that the electrical property changes on natural 
rubber composites after six days of ageing under 100 °C could be caused by the 
movement of carbon aggregates [135]. 
Loss of additives 
Most additives are physically blended into the elastomer system. Paraffin wax, 
antioxidant and antiozonant tend to migrate to the near surface region and form 
protective layers [136]. They migrate in the rubber system and some of them can 
be consumed during usage. As they degrade over time, certain ageing mechanisms 
like oxidation could accelerate. Plasticisers also tend to diffuse out from the 
system and the diffusing rate depends on the molecular weight of the plasticiser 
[137]. The diffusion processes and reaction rate of the additives can accelerate in a 
high temperature environment. Liu et al. (2017) illustrated the process of losing 
additives in nitrile rubber over 40 days of ageing. The additive is lost faster under 
150 °C than under 125 °C [125].  
Swelling 
Kader and Bhowmick (2003) showed the exponentially decaying swelling rate for 
20 hours between acrylate rubber/fluororubber blend and various polar solvents 
under room temperature [138]. Graham et al. (2005) showed the volume increase 
of nitrile rubber contacting different types of aromatic blend under room 
temperature for 3 days [139]. 
 
2.5.2 Artificial ageing 
A tremendous amount of work related to the artificial ageing test of rubber 
materials has been done. Including the literature mentioned in the previous 
section. The aims of these tests are to provide a controlled environment for the 
ageing mechanisms to develop, and to simulate the long ageing process in a 
relevantly short time. Except monitoring the properties changes of the material 
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during the ageing period, this method can also be used to predict the lifespan of a 
product. 
Accelerated ageing 
The reduction of ageing time is achieved by increasing the speed of ageing, the 
factors related to the ageing of the material are applied with an increased quantity. 
Temperature is one of these factors that is known to be directly related to the rate 
of diffusion and reaction. Some literature introduced in the last section also 
showed that the ageing mechanisms would be accelerated under higher 
temperatures [125] [131] [134] [138]. Other common factors include, humidity, 
radiation, cyclic loading, etc., the term ‘load level’ will be used to describe the 
quantity of the ageing factor the material is exposed to. Numbers of investigations 
has been made to correlate the load level and the ageing speed. Several numerical 
models have been developed for different factors, Table 2-4 summarizes the 
common form of some models. The term ‘acceleration factor’ represents the ratio 
between the ageing speed of material under real-life and accelerated conditions, 
the term ‘ageing speed’ can be representing rate of reaction, rate of degradation, 
rate of moisture absorption, rate of creep, etc. 
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rate and temperature for 
viscoelastic material [143] [144]. 
Table 2-4 Accelerated ageing models 
Most ageing mechanisms considered in this project are related to chemical 
reactions, both the Arrhenius relationship and the Eyring relationship showed 
capabilities on correlating chemical reaction rate with temperature changes. 
Investigations have shown these two models are interchangeable under a 
temperature of 1000 Kelvin [145] [146]. 
Arrhenius relationship is selected for this research, which was developed by 
Svante Arrhenius in 1889. Equation 2-6 shows this relationship, illustrating the 















Equation 2-6 The Arrhenius equation 
The Arrhenius equation can be used to estimate the length of accelerated ageing. 
The relationship between accelerated ageing time and real-world time is shown in 
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Equation 2-7 Estimation of accelerated ageing time [147] 
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Many existing works have utilised high temperature ageing to shorten the test 
period for investigating the impact of ageing. Besides those that have already been 
listed, many other studies indicated that the ageing mechanisms evolve faster 
under a high temperature environment [148] [149]. Davies and Evrard (2007) used 
the Arrhenius theory to investigate the polyurethane used in marine environments, 
simulating its ageing behaviour beyond 20 years into service by accelerated aging 
the specimen in 50 °C water [150]. Gu and Itoh (2016) simulated 96 years of ageing 
for the surface region of natural rubber bridge bearing serving in Tokyo in lab 
conditions, keeping the specimen at 70 °C environment for 64 days [151].  
Environmental ageing 
Lab controlled environmental ageing exposes the specimen to a desired 
environment under controlled temperature. Davies and Evrard (2007) put the 
polyurethane specimens in artificial sea water to simulate the marine environment 
[150].  
Shelton and Winn (1944) and Amerongen (1955) investigated the impact of 
oxidation by comparing anaerobic and aerobic environmental ageing results. In 
most cases, oxidation on the surface of the material is not avoidable in 
temperature accelerated ageing tests [132] [152]. For natural rubber, as described 
previously, the chain scission process is at the predominating position, which 
makes its impact entangled with post-curing and thermal degradation. Thus, to 
investigate the sole impact of oxidation, they performed anaerobic temperature 
ageing on natural rubber and compared with results obtained from aerobic 
temperature ageing [152].  
In order to simulate the static and dynamic deformation experienced by many 
rubber products, numbers of mechanical ageing tests have been done in previous 
researches. The nucleation and propagation of crack and carbon network 
evolution are directly linked with mechanical cyclic loading and creep is linked with 
static loading [153] [154]. Both the previously mentioned works by Zhang et al. 
(2014) and Garnier et al. (2013) applied cyclic loading to the specimen to 
investigate its impact [28] [119]. 
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Garnier et al. (2013), in particular, made a comparison between cyclic loaded 
ageing tests under high temperature and low temperature environment [28]. The 
dominating factor is indicated to be the over vulcanisation (post-curing) process 
according to the test results. The complex behaviour shown in the low 
temperature test is, therefore, insignificant. However, another work by Garnier et 
at. (2013) indicated that the cyclic loading is still making significant contributions 
on the microstructure changes in the material during the ageing process [155].  
Drawbacks and limitations 
First, exposure to high temperature would never be experienced by the specimen 
in a real-life situation and could alter its ageing behaviour. Davies and Evrard 
(2007) have highlighted this concern during accelerated ageing polyurethane in a 
marine environment. New ageing mechanisms could be triggered at higher 
temperatures [150]. 
Second, as shown in Equation 2-6, the Arrhenius equation, the reaction rate is 
related to the activation energy required by the reaction to occur. This value 
determines the Q10 in Equation 2-7 which represents the reaction rate increase 
for every 10 Kelvin increase. A recommended value is 2, which suggests the 
reaction would occur twice as fast for every 10 Kelvin increase in temperature [127] 
[147] [156] [157]. However, this rate actually varies for every ageing mechanism 
listed, meaning that under higher temperatures some mechanisms could be 
accelerated more than the others. This suggests that the ageing behaviour of 
accelerated aged samples could be different from the real-life sample, as different 
ageing mechanisms progress at different rates.  
Third, Neuhaus et al. (2017) showed the impact of discontinuous ageing on fatigue 
life of natural rubber [158], suggesting that the constant accelerated ageing 
temperature is ignoring the impact of intermittent heating in real life.  
It is important to discuss these factors when designing the experiment or analysing 
the results. 
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2.6 Material Characterisation Methods 
2.6.1 Measuring elastic modulus 
Dynamic mechanical analysis/ dynamic mechanical thermal analysis 
The aim of DMA is to measure the material’s elastic modulus. For a DMA machine, 
two tests are commonly used for elastomer materials: tension compression test 
and shear test. By measuring the resisting force while applying strain to the 
specimen, based on the stressed surface area of the sample, the elastic modulus of 
the specimen can be calculated. As described in previous chapters, the elastic 
modulus of elastomers changes under different frequencies and temperatures. 
DMA provides the capability of measuring the elastic modulus of the sample while 
performing cyclic loading under different frequencies and strains, DMTA adds the 
temperature control into the experiment.  
For the shear test, according to BS ISO 4664-1:2011 [159], experimental 
configuration shown in Figure 2.42 is required, and, in order to eliminate the effect 
of bending moment, samples should be similar in size and placed symmetrically. 
The test result is the shear modulus of the specimen. 
 
Figure 2.42 – Experimental configuration for shear DMA test, the white block in the middle represents 
the vibrating wall and the grey blocks represent samples [159] 
For the tension compression test, a single sample is placed between two flat plates. 
One plate for supporting the sample and the other one applies strain as shown in 
Figure 2.43. The sample is glued onto the holders to ensure its steadiness during 
the test, the output is the elastic modulus of the sample. 
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Figure 2.43 – Experimental configuration for tension compression DMA test. 1 are the holders and 2 is 
the sample [159] 
The samples are glued on the holders, therefore the two ends of the sample are 
constrained on lateral movement, which makes it unable to expand. This would 
impact the measured elastic modulus, especially under large strain. The 
significance of this impact is related to the shape factor of the sample, which is 




According to experiments performed by Acrotech Inc. on urethane elastomer 
shown in Figure 2.44, the shape factor starts to make a huge impact on the 
measured modulus when it exceeds 0.25.  




Figure 2.44 – Variation of modulus with shape factor [160] 
Hardness test 
Hardness is a property that can be correlated to the elastic modulus of rubber. To 
measure the hardness of a material, a force meter connected to a tip with known 
geometry (called a durometer) is needed. By recording the force applied and 
depth of the tip pushed into the specimen surface, the hardness of the specimen 
can be calculated. The reading needs to be taken after the tip of the durometer is 
pressed into the material and allowed to rest for 15 seconds. Shore A hardness is 
known to be directly related to the elastic modulus, Equation 2-8 illustrates this 
relationship. 
𝐸 =  
0.0981 × (56 + 7.62336 × 𝑆)
0.137505 × (254 − 2.54 × 𝑆)
 
Equation 2-8 Shore A hardness to elastic modulus [161] 
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Where E represents the elastic modulus of the material and S represents the 
measured shore A hardness. This correlation stops matching with the 
experimental result when S is smaller than 40. Another correlated formula 
recorded in the British standard that gives a better fit is shown in Equation 2-9 
where erf represents the error function. 
𝑆 = 100 × erf (3.186 × 10−4 × 𝐸
1
2) 
Equation 2-9 Correlation between shore A hardness and elastic modulus for softer material [162] 
Although this technique cannot control frequency and strain, the correlation can 
provide a rough estimation for elastic modulus that can be compared between 
samples.  
Nano-indentation and DMA 
Using this technique, a material’s properties can be measured on smaller samples. 
The principle of nano-indentation is similar to other hardness tests and is applied 
to very small subjects. This technique records the full hysteresis data, and, 
therefore, mechanical properties like stiffness can be extract from the results. The 
process is fully automated, as shown in Figure 2.45 and can be very consistent.  
 
Figure 2.45 – Nano-indenter by Hysitron [163] 
Nano-DMTA is Nano-indentation with a controllable operational temperature and 
frequency range.  Li and Herrmann (2014) have presented works for using the 
nano-DMA technique to test filled natural rubber samples taken from different 
depths of a tire [164]. The drawback of this technique is that the strain of the test 
cannot be controlled. 




DMA can be used to measure rubber’s elastic modulus for any given strain, 
temperature and frequency, directly. Nano-DMA can also measure the elastic 
modulus directly, but the corresponding strain is not defined due to the 
nonuniform strain distribution around the tip of the indenter. Nano-DMA requires 
samples with flat and smooth testing surfaces, and the surface roughness of the 
sample can affect the test results [165]. When considering that samples were taken 
from used engine mounts with irregular geometry, such samples can be difficult to 
obtain. Non-uniformity of properties can also be problematic. For hardness test, 
Shore A hardness can be converted into elastic modulus by Equation 2-8. However, 
the corresponding strain, frequency, and temperature are all undefined. As this 
research involves comparing samples with different ageing conditions, and the risk 
of unknown strain distribution could introduce extra uncertainties, DMA was the 
most appropriate choice of technique. 
 
2.6.2 Measuring crosslink density  
Swelling technique 
When a crosslinked polymer is placed in a suitable solvent, instead of being 
dissolved completely, it will absorb the solvent due to the existence of a crosslink. 
The absorption stops when the mixing force and connecting force from crosslinks 
reaches an equilibrium. By measuring the volume change before and after the 
material is swollen, using Equation 2-10 the crosslink density can be determined. 
𝑉𝑥 = −
ln(1 − 𝑣2) + 𝑣2 + 𝜒1𝑣2
2
𝝋(𝑣2
1 3⁄ − 𝑣2 2⁄ )
     
𝑽𝒙 𝒗𝟐 𝝌𝟏 𝝋 
crosslink 
density 
volume fraction of 
polymer in a fully 
swelled sample 
Flory interaction 
parameter relates to the 
interaction between 
solvent and solute 
molar volume 
of the solvent 
Equation 2-10 Relationship between swell and crosslink density 
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A detailed derivation can be found in [166]. The volume fraction of the polymer in 
the swelled sample is calculated from its weight before and after the sample is 
swelled. The sample needs to be dried and weighed again to counter any loss of 
additives or polymer chains in the swelling process. 
Nuclear magnetic resonance 
NMR can be used to identify chemical content and structure of the material by 
studying the spin of nuclei. The spinning nuclei can be imagined as a spinning top, 
as the nuclei is charged, this spinning produces a magnetic moment. For any nuclei 
under magnetic field it has two spin states, one has a magnetic moment aligned 
with the external magnetic field and one against. The nuclei prefer to spin with the 
external magnetic field which is a lower energy state and the gap between the two 
spin states depends on the strength of the external magnetic field and the 
chemical environment it experiences. A picture illustrating this gap is shown in 
Figure 2.46. 
 
Figure 2.46 – Spin mode for atoms and their energy level [167] 
In an NMR machine, the sample is under an external magnetic field and hit by a 
radio pulse covering different frequencies. For nuclei at the lower energy state, 
they will flip between the higher and lower spin state after experiencing magnetic 
waves with their resonant frequencies. As the nuclei flip, they will jump back from a 
higher to lower energy state, and, during this process, energy is emitted in the 
form of magnetic waves with frequencies depending on the energy gap between 
the two spin states of nuclei. Figure 2.47 illustrates this process, and the signal 
received during the jumping back process can be used to distinguish the amount of 
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interested nuclei under different chemical environments, which can help to 
deduce the chemical composition of the sample.  
 
Figure 2.47 – Signal network in the NMR machine [168] 
Chae et al. (2010) suggests using 1H NMR to indirectly measure the crosslink 
density of elastomers [108]. As mentioned previously, the energy difference 
between spin states depends on the chemical environment around the nuclei. 
Hence, the frequency of the released magnetic wave implies the nature of this 
environment. According to Chae, when toluene is absorbed by natural rubber, pi 
electrons in rubber and toluene will interact when their molecules are very close 
to each other. The chemical environment experienced by hydrogen inside the 
interacted toluene is changed and the energy difference between its two spin 
states is reduced. In Figure 2.48, the darker area near the rubber chain illustrates 
the area where toluene can interact with rubber. 
 
Figure 2.48 Interacting toluene (dark grey) and unaffected toluene (light grey) inside rubber network 
Toluene inside the darker area and brighter area exchanges rapidly. The NMR 
machine can only detect a combined broad signal over a range of frequencies as 
shown in Figure 2.49. The location of the combined peak is related to the ratio 
between the amount of toluene inside the two areas. In a network with low 
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crosslink density, the interacted toluene is outnumbered by the unaffected toluene 
due to the large space the rubber network can provide. The peak of the resulting 
wave will be at the high-energy side as shown in Figure 2.49, and vice versa. 
Therefore, the location of the peak can provide information about the level of 
crosslink in the material. 
 
There is another method using NMR to measure the crosslink density of vulcanised 
rubber. Before a normal NMR test, the atoms inside the solution are aligned by the 
external magnetic field, all giving spin in the same direction. If the atoms are only 
partially aligned, atoms with different spin directions will interfere with the 
chemical environment of nearby atoms. The degree of unalignment is measured as 
the residual dipolar coupling (RDC) [109]. As mentioned previously, energy emitted 
from atoms with different chemical environments are different. Many atoms with 
the same chemical environment give a sharp peak, but many atoms with a similar 
but different chemical environment will bring a broad peak. With a higher crosslink 
density, mobility of atoms in the rubber network is poorer, and, hence, lead to a 
higher RDC and broader peak [169]. Therefore, both the width of the peak or the 
measured RDC can correlate to crosslink density. This method is designed for 13C 
solid state NMR. However, both methods can only compare samples that have the 
same composition and are unable to provide quantitative results. 
Summary 
Although both NMR methods can provide comparable results, the effect of 
additives to the chemical environment is not clear. Therefore, swelling test was 
selected, toluene would be used as the solvent as it is commonly used in swelling 














Figure 2.49 (left) Detected signal in NMR, (right) When unaffected toluene is more the 
sample releases wave with higher energy 
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2.6.3 Measuring chemical composition 
Fourier transformation infrared spectroscopy: 
Known as FTIR, a commonly used technique for measuring chemical composition 
on the surface of the specimen. Chemical bonds in a substance normally stay at 
their lowest energy state and a fraction of them will be in their excited state 
according to the temperature. The energy required to reach a higher energy state 
depends on the elements forming the bond. Those chemical bonds have many 
vibration modes, examples of vibration mode of chemical bonds are shown in 
Figure 2.50.  
 
Figure 2.50 Modes of bond vibration [170] 
By emitting infrared light toward the sample, the part of the infrared light that is at 
the resonant frequency of those vibration modes would be absorbed. That is 
saying that the photon carries energy identical to the energy difference between 
the ground state and the excited state of the molecule which is absorbed by the 
molecule. As E = hv, where E is the energy of the photon, h is the plank’s constant 
and v is the frequency. By monitoring the absorbed frequencies, existence of 
certain chemical bonds or elements can be defined [171]. However, not all bond 
vibrations absorb infrared light. Only vibration modes that change the dipole 
moment of the molecule would be excited by infrared light, which are the 
vibrations that change the distance between charged particles in the molecule. 
Figure 2.51 shows vibration modes of a carbon dioxide molecule, the symmetric 
stretching mode (v1) does not change the molecule’s dipole moment as the change 
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in distance between charged particles in each bond are equal and in the opposite 
direction. Therefore, this mode cannot absorb energy from infrared.   
 
Figure 2.51 Vibrational modes and dipole moment [172] 
The attenuated total reflectance (ATR) technique is often used to take 
measurements. An infrared beam is emitted to a crystal at a certain angle that 
triggers the total reflection inside the crystal. The sample is then pressed against 
this crystal, the infrared beam creates evanescent waves at the reflecting points 
which penetrate the sample for a certain depth [173]. The corresponding 
frequencies in the evanescent wave would be absorbed by the sample before it 
returns to the crystal. Figure 2.24 illustrates this idea, the penetration depth is 
normally a few micrometres, and it depends on the reflective index of the crystal, 
incident angle of the beam and the wavelength of the beam. ATR-FTIR requires 
minimal sample preparation to obtain consistent results, the only requirement is 
that the sample must make intimate contact with the crystal. The shallow sampling 
depth makes it capable of measuring materials with strong infrared absorbance 
like carbon filled rubber.  
 




Figure 2.52 Attenuated total reflectance [174] 
Raman spectroscopy  
Raman spectroscopy is based on detecting Raman scattering from the Raman 
effect. When photons with frequencies different from the resonant frequencies of 
the molecule hit it, it can still be absorbed by the molecule due to the uncertainty 
principle. The absorbed photon pushes the molecule into a higher virtual energy 
state for an instant and then the molecule will return to its ground energy state. It 
emits the energy in the form of a photon with energy the same as the one it 
absorbed with a random direction, as shown in Figure 2.53. This phenomenon is 
called Rayleigh scattering. 
 
Figure 2.53 Rayleigh scattering [175] 
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However, there is a chance that the molecule will not return to its ground state and 
return to a vibrational energy state, which means that the emitted photon carries 
less energy than the absorbed photon. The energy difference between the incident 
photon and the scattered photon reflects the frequency of the specific vibrational 
mode the molecule returns to. This incomplete scattering is the Raman effect. 
However, this only happens when there is a change in the polarisability of the 
molecule during the vibration [176]. Polarisability is reflected by the stability of 
electrons forming the bond and it is related to the distances between atoms in the 
molecule. The electrons form chemical bonds between atoms due to the 
attractions from nuclei, the distance between the electrons and the nuclei decides 
how stable the electrons are. Therefore, for Raman effect to take place, the 
distance between the electron in one atom and the nucleus from the other atom 
need to change at the vibration peaks. For the vibration modes of carbon dioxide, 
shown in Figure 2.51, the symmetric stretching mode is the only one that changes 
the polarisability of a molecule and triggers Raman effect. The Raman scattering 
can be detected and, due to the uniqueness of the bond vibration frequencies, 
elements and bonds in the molecule can be defined.  
Summary 
Chemical reactions generate new chemical bonds in the specimen. By FTIR or 
Raman spectrometer, intensity of these bonds and, therefore, the severity of the 
chemical reaction in the sample can be determined. FTIR is selected for this 
research due to its larger user base and accessibility, most of the literature 
mentioned previously used FTIR to be the examining method for oxidation in 
rubber. 
 
2.6.4 Measuring changes in filler dispersion and distribution 
Scanning electron microscope  
SEM is a technique for obtaining micrometre scale photographs of the specimen 
by emitting electrons to the sample surface and monitoring the reflected electrons 
[177]. The sample can be very small, but a good surface condition is needed to 
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obtain images with good quality, especially when detecting the secondary 
electrons. Secondary electron is the electron from the specimen that interacts 
with the electron beam emitted by SEM and becomes a product of ionisation. 
When the electron beam is emitted to an edge on the sample surface, the depth of 
the escape route for the secondary electron becomes shorter and more 
secondary electrons can be collected by SEM. This is called the edge effect and is 
shown in Figure 2.54. 
 
Figure 2.54 Edge effect of SEM [178] 
To detect specimens that consist of materials with different atomic numbers, back 
scattered electrons can be collected exclusively using a specific detector. Back 
scattered electrons are one type of reflected electrons which bounce back to their 
emitting direction after colliding with the specimen atoms. Which means the dense 
part can reflect more electrons due to its higher atom density [179]. This technique 
can be used to distinguish the carbon black fillers in the rubber. 
Transmission electron microscope 
Instead of collecting scattered electrons, TEM collects the electrons transmitted 
through the specimen [180]. This makes the size, especially the thickness, of the 
specimen crucial to the test. The result is a 2D image that cumulates all the 
information through the thickness of the sample. Therefore, by capturing a TEM 
image of the same specimen at different angles, a 3D structure can be constructed.  
Figure 2.55 shows the 3D structure of a piece of silica-filled natural rubber. The 
radius and amount of filler clusters can be obtained. 




Figure 2.55 -- 3D TEM image of silica filler natural rubber [181] 
Summary 
Although TEM has the potential to give a 3D illustration of the carbon network, its 
measured size is small compared to SEM. When considering the possible non-
uniform distribution of the carbon particle and more achievable sample 
requirements, SEM is the most appropriate for this test. It was also selected for 
measuring cracks, as suggested in Chapter 2.4.5. 
 
2.6.5 Measuring additives in rubber 
Activated carbon 
Activated carbon technique is a standard method for measuring the volatility of 
plasticisers in a polymer. The specimen should be prepared in disk form and 
placed at the bottom of a metal container with lid [123]. The disk specimen should 
be covered with activated carbon and put into an oven at 70 °C for 24 hours. 
Plasticisers will partially migrate and react with the activated carbon according to 
their volatility, leading to a weight change to the specimen. This technique can be 
used to compare the amount of additive in a sample and their volatility. 
Thermogravimetric analysis 
Substances in a composite material have different vaporising points and flashing 
points. Thermogravimetric analysis offers continuous weight measurement while 
the temperature increases. By recording the weight changes of the specimen, 
weight fraction of major ingredients in the specimen can be defined. In the case of 
rubber, there are three major weight loses. They represent the loss of volatile 
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additives, pyrosis of the rubber network and combustion of the resulted/filled 
carbon black. Hence this technique can be used to measure the weight fraction of 
known constituents of the specimen.  
Chromatography 
Chromatography is a technique capable of separating different substance in a 
mixture. Chromatography pushes the mixture through a structure containing a 
substance that can interact with constituents in the mixture and cause them to 
travel at different speeds. The pushing is done by a liquid solvent or gas, which is 
the mobile phase. The substance affecting the constituents’ travelling speed is 
called stationary phase. The difference on the mobile phase categorises 
chromatography into gas chromatography and liquid chromatography [182]. 
In gas chromatography, the specimen is normally heated up to volatilise its 
constituents. The vaporised substance is then pushed into the structure containing 
stationary phase material. This structure is normally a long coil tube with 
stationary phase material on the wall. When the mixture gas travels through, gas 
from different constituents meets the stationary material and would condense or 
dissolve for different time periods. The time for the substance to travel through 
the whole coil is called the retention time. Although rubber network and carbon 
black would not vaporise, this method can be used to separate additives in the 
system. The test requires the mixture to condense and vaporise multiple times in 
the process so that the chemicals can be well separated. This makes the selection 
of testing temperature important. 
Liquid chromatography is a well-established technique for measuring the 
molecular weight distribution of a polymer. In order to use this technique, the 
polymer needs to be fully dissolved which means all individual chains in the 
solution have no interactions with others. The solution is injected to a column filled 
with porous particles with appropriate hole sizes for the subject polymer. Shorter 
chains with smaller molecular length would travel through much more holes than 
the longer chains as the longer chains are more difficult to fit into small holes. 
Thus, the time the chain takes to travel through the container is related to its 
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molecular weight. The left hand side of Figure 2.56 is an example of the pores and 
on the right, the picture illustrates the process. 
  
Figure 2.56 – Porous particles (left) [183] and GPC process (right) [184] 
Chemicals need to be dissolved in a suitable solvent, which carries the chemicals 
through the stationary phase. The selected solvent must not affect the interested 
chemicals.  
Mass-spectrometry 
This is a technique that measures the mass-to-charge ratio of ions. Together with 
chromatography, it can give suggestions on the structure and amount of atoms in 
the additives in the sample. It breaks molecules into charged fragments with 
different masses by ionisation process. Fragments with different mass to charge 
ratio are separated by a magnetic field that tries to redirect the movement of the 
charged fragments, this process is shown in Figure 2.57. 
 
Figure 2.57  Mass spectrometry distinguishes fragments [185] 
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When the chromatography technique sends out chemicals separately, the mass-
spectrometry machine will detect the mass-to-charge ratio of charged fragments 
of each detected chemical. The resulting mass spectrum of the detected chemical 
is then compared with the database which can suggest possible chemical 
structures for the detected chemicals.  
X-ray fluorescence 
X-ray fluorescence is a technique highly sensitive to a single element. It uses high 
energy particles to knock off electrons on the K-orbit of an element, causing 
electrons from higher energy orbit to fall on the K-orbit and releases energy in the 
X-ray region as shown in Figure 2.58. As the energy gap between orbits is unique 
for each element, the element can be defined by collecting the fluorescent energy. 
As the technique requires an electron filling process in the atom, most commercial 
products can only detect elements heavier than sodium. This makes this technique 
useful to detect additives containing metal elements in elastomers. However, it can 
only measure the intensity of metal elements in the specimen, further deduction 
and tests are required to conclude more detailed information about the additives 
[186]. 
 
Figure 2.58 - Principle of XRF [187] 
Summary 
Both the TGA and activated carbon methods can be used to determine the 
volatility of the additive and are potentially useful to determine the total amount of 
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remaining additives. TGA is especially useful for determining the content of carbon 
black filler in the rubber. However, carbon black particles form large aggregates 
that are trapped in the network have no known degradation process like other 
polymeric additives, therefore, loss of carbon black is not considered. Although X-
ray fluorescence can give the intensity of atoms with an atom number larger than 
14, how they form into a molecule cannot be determined. The common additives 
listed in Chapter 2.3.5 also consist of atoms with a smaller atom number, which 
cannot be detected by this method. Gas chromatography coupled with mass 
spectrometry is, therefore, selected due to its ability to determine the chemical 
structure of the detected chemicals. 
 
2.6.6 Summary of ageing mechanisms and test methods 
Table 2-5 summarised the ageing mechanisms and their corresponding effects on 
microstructure. How each mechanism can be measured and their relativity to this 
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Table 2-5 Ageing mechanisms with their corresponding microstructure changes, required ageing 
conditions and measuring technique 









Yes, the material is 
filled with carbon 

















Yes, the material is 
exposed to ozone and 
experienced cyclic 
loading 




No, the interaction 
between natural 
rubber and propylene 
glycol (the chamber 
fluid) is neglectable 
[188] [189]. 
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CHAPTER 3. RESEARCH PLAN 
This research aims to identify and understand the ageing behaviour of carbon filled 
vulcanised natural rubber used in an engine mount. In order to achieve this, the 
following steps have been defined. 






Investigate elastic modulus changes of rubber from 
existing used engine mounts. 
Step 
2 
Investigate the cause of any change in stiffness, with 
respect to the potential ageing mechanisms identified 





Investigate causes identified in step 2 in a more 
controlled ageing environment by applying artificial 





Combine the results from steps 1, 2 and 3 to provide an 
in-depth explanation of the ageing mechanisms 
involved and the ageing behaviour of the rubber used in 
the engine mount. 
Table 3-1 Project milestones 
The flow chart shown in the introduction also progressed to the one shown in 
Figure 3.1, indicating the planned experimental work and aim of each step. 






















test at different 
locations 
To obtain repeatable data with controllable ageing conditions. 
Learn the full ageing behaviour of the material. 
Aerobic Artificial Ageing 
for mount and sheet 
samples 
GC-MS on aerobic 
aged sheet 
samples 
SEM on aerobic aged 
sheet samples 
Crosslink Density test on 
aerobic aged mount and 
sheet samples 
DMA on aerobic aged 
mount and sheet 
samples 
To separate the impact of oxidation from other ageing mechanisms. 
Deduce impact of each ageing mechanism 
Anaerobic Artificial 




SEM on aerobic aged 
sheet samples 
Crosslink Density test 
on aerobic aged 
sheet samples 
DMA on aerobic aged 
sheet samples 
Aim: Establish relationships 
between the mechanical 
properties’ changes and 
microstructure changes of 




Figure 3.1 Experimental works flow chart 
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CHAPTER 4. BENCHMARKING OF REAL-WORLD ENGINE 
MOUNT 
In order to gain knowledge about the rubber ageing behaviour in real-life 
conditions, rubber samples from engine mounts that were retrieved from used 
vehicles were tested.  
The used engine mounts were provided by Jaguar Land Rover. They were sent 
from Dubai due to the high temperature operating environment they experienced, 
which ranged from 14 ℃ to above 95 ℃. As mentioned in Chapter 2.5.2, high 
temperatures can accelerate many ageing mechanisms, which suggested that 
these mounts would provide a ‘worst case’ scenario for testing.  
 
4.1 Elastic Modulus 
As mentioned in Chapter 1.1, the rubber part’s main function in an engine mount is 
to provide resilience, and its elastic modulus is closely related to the mount’s 
performance. Whilst anecdotal evidence suggests that the elastic modulus changes 
as the mount ages, this has not been tested scientifically. This section, therefore, 
focuses on investigating the change of elastic modulus across the range of aged 
mounts provided. 
 
4.1.1 Sample selection 
The ageing conditions of an engine mount are mainly represented by its mileage 
and time in service. Time in service is directly related to the ageing time of the 
mount and mileage reflects the dynamic loading the mount has experienced. 
Whilst each mount came with a known mileage and time in service, little else was 
known about driver style and other aspects which may vary. Moreover, frequency 
of the vehicle being driven can be reflected by the ratio between the mount’s 
mileage and its time in service. Four mounts with similar average mileage per 
month and a new mount were selected for the initial investigation to identify 
whether ageing changes the properties of the rubber. Table 4-1 shows their 
mileage, time in service and average distance travelled per month.  











1 0 0 N/A 
2 82249 52 1581 
3 92041 48 1917 
4 96638 57 1695 
5 145926 55 2653 
Table 4-1 Ageing conditions for selected mounts 
 
4.1.2 Methodology 
As mentioned in Chapter 2.6.1, DMA, Nano-DMA and hardness can all provide a 
direct or indirect measurement of elastic modulus of the material. DMA can be 
used to measure rubber’s elastic modulus for any given strain, temperature and 
frequency, directly. Nano-DMA can also measure the elastic modulus directly, but 
the corresponding strain is not defined due to the nonuniform strain distribution 
around the tip of the indenter. Nano-DMA requires samples with flat and smooth 
testing surfaces, and surface roughness of the sample can affect the test results 
[165]. When considering that samples were taken from used engine mounts with 
irregular geometry, such samples can be difficult to obtain. Non-uniformity of 
properties can also be problematic. For hardness test, Shore A hardness can be 
converted into elastic modulus by Equation 2-8. However, the corresponding 
strain, frequency, and temperature are all undefined. As this research involves 
comparing samples with different ageing conditions, and the risk of unknown 
strain distribution could introduce extra uncertainties, DMA was the most 
appropriate choice of technique. 
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4.1.3 Sample preparation 
A cross section of the engine mount is shown in Figure 4.1, the metal part is made 
of aluminium and the hollow at the bottom is the fluid chamber. When force is 
transmitted from the connecting shaft, rubber next to the fluid chamber provides 
resilience properties to the mount. As mentioned in Chapter 2.4.1, oxidation at the 
near-surface region may cause changes to the rubber’s properties and lead to 
properties’ gradient. The effects of each ageing mechanism are not clearly 
understood; therefore, to maintain consistency, all samples were taken from the 
centre part of this region (the region inside the orange box).  
 
Elastic modulus can be measured by a shear test or tension compression test. For 
this work, the tension compression test was selected as it directly generates the 
elastic modulus of the material. The samples were, therefore, cut into cuboid 
blocks, as suggested by ISO 4664. The required shape is illustrated in Figure 4.2 
where 1 represents the clamps and 2 represents the sample.  
  
Figure 4.2 Tensile DMA test 
Figure 4.1 Cross section of the engine mount (shell removed) 
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The mount was cut into layers with a band saw and then cut manually into small 
cuboid blocks. Due to the flexibility of rubber material, cutting thin samples often 
leads to uneven cut surfaces, especially for large cut surfaces. To avoid this 
problem, the samples were cut to have thicker ‘h’ than the standard. For the same 
reason, the height ‘l’ was also slightly lower than the standard, to reduce the size of 
the cut surface. 
 Although the lateral contraction of the specimen would make a larger impact on 
the result, as described in Chapter 2.6.1, the samples were cut with similar shape 
factors so that they are still comparable. Large shape factor can lead to inaccurate 
measurement. Thus, samples were cut with shape factor smaller than 0.25.  
Three DMA samples were cut from each selected mount to account for any 
uncertainties caused by nonuniformity of the material properties. The locations of 
the cuts are shown in Figure 4.3. The picture on the left-hand side illustrates where 
the layers were cut, the sample layer on the right-hand side is the region between 
the white lines. The two rectangular spaces in the image on the right illustrate the 
DMA samples’ cut location.  
 
An uncertainty on dimension of ±25% on the thickness was generated in the band 
saw cutting process. Further uncertainty from manual cutting led to a ±20% 
difference to the width and ±12% difference on the height. The experiment 
requires a flat contact surface between the sample and the supporting plates, 
some samples needed to be trimmed down further. Table 4-2 shows the sample 
Figure 4.3 – Cut location for DMA samples 
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dimensions with their corresponding shape factors. The nature of the cutting 
process led to some variation in the exact size of the specimens. However, as 
discussed in Chapter 2.6.1, modulus variation for samples with shape factors under 
0.25 are relatively small. Furthermore, this variation of modulus caused by size 
differences will be factored out during the experiment, details will be included in 
the results section. 





1 18 6 8 0.1 
2 20 5 5 0.06 
3 21 5 5 0.06 
2 
1 20 6 6 0.08 
2 21 5 5 0.06 
3 16 5 5 0.09 
3 
1 18 4 6 0.07 
2 16 4 5 0.07 
3 12 5 6 0.11 
4 
1 22 5 6 0.06 
2 18 6 6 0.08 
3 18 6 6 0.08 
5 
1 16 5 5 0.08 
2 18 5 5 0.07 
3 14 5 5 0.09 
Table 4-2 Sample size for DMA test 
 
4.1.4 Experimental configuration 
 The machine selected was the Metravib Viscoanalyser VA 2000. To calculate the 
elastic modulus of the sample, the machine applied sinusoidal stretching to the 
sample with defined strain, frequency and temperature, then captured the force 
signal and the displacement signal with built-in sensors.   
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In order to gain a better understanding of the Payne effect mentioned in Chapter 
2.3.7 and its influence upon elastic modulus, dynamic strain sweep tests were 
conducted with different static strains. The maximum dynamic strain for tension 
compression test was set to be 10%, as this covers most operating strain for the 
actual engine mount. To avoid problems caused by buckling, the samples were 
loaded with tensile static strains. The test takes 49 measurements from each 
sample, calculating the elastic modulus of the sample from 0.3% (the minimum 
value selectable) to 10.3% static and dynamic strain. Figure 4.4 illustrates the 
measuring conditions of the DMA test.  
As mentioned in Chapter 2.3.7, temperature and operating frequency could affect 
the measured elastic modulus. Although small changes of both the frequency and 
temperature would not lead to a significant impact on the results as the modulus is 
proportional to the log of them, the frequency was set to 1Hz and the temperature 
was set to 30 °C in order to obtain a comparable result. Because the material 
would never experience strain above 20% during service, all samples were 
temporarily stretched with a 20% strain before the test to eliminate the Mullins 
effect mentioned in Chapter 2.3.7.  
 
Figure 4.4 Measuring conditions for DMA tests 




The calculation shown in Equation 4-1 converts the measured force displacement 




                      𝐸′ = 𝐾 𝐹𝑐 (ℎ𝑒𝑖𝑔ℎ𝑡 𝑆𝑒⁄ ) 𝑐𝑜𝑠𝛿 
𝐹𝐶 = 1 (1 + 2(𝑆𝑒 𝑆𝐼⁄ )
2)⁄             𝐸 = 𝐸′(1 + 𝑖 tan 𝛿) 
K 𝜟𝑭𝑨 𝑺𝑨 𝜹 E 
stiffness amplitude of the 
force signal 
amplitude of the 
displacement 
signal 
phase shift elastic 
modulus 











Equation 4-1 Calculation of elastic modulus in VA2000 [190] 
Figure 4.5 shows the measured material’s elastic modulus for sample 1 of mount 1 
at different strains. The results from other samples are similar and are attached in 
Appendix A i.  
 
Figure 4.5 – Strain sweep test, strain vs. elastic modulus for mount ID 1, the new mount 
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As expected, due to the Payne effect, the elastic modulus of the sample decreases 
as the strain increases. Due to the strain dependence of elastic modulus, 
comparisons must, therefore, be made among same strain conditions. Figure 4.6 
shows the elastic modulus of samples obtained from each selected mount at 10% 
static strain and 10% dynamic strain with different ageing conditions, as a higher 
strain could eliminate the effects of the Mullins effect and reduce uncertainties 
caused by friction inside the DMA machine.  
 
Figure 4.6 – Elastic modulus vs. mileage of the mount 
It can be seen that there is a difference between the unused and used mounts, 
with all used mounts having a higher elastic modulus than the unused mount. 
Whilst it is not possible to draw conclusions related to the specific manner in 
which ageing affects elastic modulus, it is clear that it does lead to an increase of 
17% to 35%. The next step for this research is to establish the mechanisms leading 
to this increase in stiffness. 
 
4.2 Investigation of Ageing Mechanisms 
As shown in Table 3-1, the next step is to define the active ageing mechanisms for 
the selected product. The rubber samples to be tested are taken from the same 
selected engine mounts. As the mount is not exposed to light and radiation, and its 
interaction with the chamber fluid (in this mount is propylene glycol) is negligible 
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summary of which of these ageing mechanisms are relevant for this study. This 
chapter will go through the characterisation process of these mechanisms. 
Table 4-3 Necessity of investigation for ageing mechanisms 
 
4.2.1 Post-curing and thermal degradation 
As crosslink density is closely related to the elastic modulus, changes to the elastic 
modulus indicate possible changes to the crosslink density of the material. In order 
to identify whether any post-curing and thermal degradation have changed the 
measured crosslink density of the material, this chapter examined the changes on 
crosslink densities of the rubber taken from different locations in used mounts. As 
different locations experienced different ageing conditions, by comparing the 
differences among the measured crosslink density, the impact of different ageing 
conditions can be revealed. The swelling technique was applied, as it can calculate 
Mechanisms Evidence of Necessity Impact 
Post-curing and 
thermal degradation 
Vulcanised rubber exposed to 




Exposed to air 




Experienced cyclic loading and 
high temperature 
Carbon filler distribution 
Loss of additives 





Exposed to air and 
experienced cyclic loading 
Forming and propagation 
of cracks  
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the crosslink density of the specimen by soaking it in toluene and weighing it 
before and after the soaking process. 
Sample preparation  
Due to the difficulty of manual cutting mentioned previously, differences of sizes of 
samples are unavoidable. Although they would be cut into similar sizes, the samples 
needed to be swelled thoroughly to eliminate the uncertainties caused by different 
swelling statuses between small and large samples. This makes smaller samples 
preferable. However, toluene is relatively volatile and if the samples are too small 
or too thin, significant amounts of toluene could escape before being weighed. 
Thus, the samples were cut into approximately 4mm cubes, weighing at least 70 
milligrams.  
These samples are smaller than the DMA samples, which enabled the possibility of 
taking samples from different locations on the mount. As mentioned in Chapter 
2.4.1, oxidative degradation can lead to changes to crosslink density, which 
predominately happens at the near-surface region of the material. Other regions 
would also experience different forms of ageing, thus, samples were taken from 
four different locations on the engine mount. 
The orange boxes shown in Figure 4.7 represent the sampling locations. Location A 
is at the surface of the mount, and away from the part of rubber that provides 
resilience properties to the mount. Samples taken from location A can be assumed 
to have experienced the oxidative degradation without experiencing cyclic loading 
during their service period. Samples from location B were also taken from the 
surface, in areas where they would have experienced cyclic loading during the 
service period. Samples taken from location C are 3mm away from the surface and 
will not have experienced any cyclic loading during service, and, the influence of 
oxidative degradation should be smaller or eliminated. Samples from location D 
are 10mm away from the mount surface so the effects of oxidative degradation 
should be even less or eliminated. These samples will have experienced cyclic 
loading during the service period and this is where the DMA samples were taken. 




At least 5 samples were cut from each location of each mount to account for any 
uncertainties introduced by geometry differences. 
Experimental configuration 
A set of samples has been put into toluene and their weight changes was recorded, 
the changes after two weeks became negligible. Thus, the experimental procedure 
for the swelling technique measurement is shown below: 
1. Swell the sample in toluene for two weeks to approach equilibrium. 
2. Take a sample and dip it in a bottle of acetone. 
3. Gently and quickly dry sample surfaces with tissue followed by a 
gentle blow to evaporate the remaining acetone. 
4. Measure the weight of the sample, obtain W_wet. 
5. Put samples in a vacuum oven under 60 °C for two days to ensure the 
removal of the remaining solvent. 
6. Measure the weight of the sample, obtain W_dry.   
 








Equation 4-2 was applied to obtain the crosslink density of each sample. Using the 
weight of dried samples is because the original sample weight included the weight 
of additives and unbonded chains that could dissolve in the solvent. 
𝑉𝑥 = −
ln(1 − 𝑣2) + 𝑣2 + 𝜒1𝑣2
2
𝝋(𝑣2
1 3⁄ − 𝑣2 2⁄ )





− 1) + 𝜌𝑠
 
𝑽𝒙 𝒗𝟐 𝝌𝟏 𝝋 
crosslink 
density 
volume fraction of 
polymer in a fully 
swelled sample 
Flory interaction parameter 
relates to the interaction 
between solvent and solute 
molar volume of 
the solvent 




Density of natural 
rubber 
Weight of the soaked 
sample 
Weight of the 
dried sample 
Equation 4-2 Calculating crosslink density 
Figure 4.8 shows the results of samples taken from location D. The result shows 
that the crosslink density of rubber samples increased with increases in mileage, 
peaking and ending at a 39% increase. The behaviour is similar to that observed 
from the DMA test shown in Figure 4.6. 
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Test results for samples taken from location A, B, and C are plotted in Figure 4.9, 
Figure 4.10 and Figure 4.11, respectively. All the samples taken from A, B and C show 
a decrease in crosslink density. In particular, the samples taken from the surface of 
the mount show lower crosslink density compared to the samples taken from 
locations away from the surface.  
 
Figure 4.9 Crosslink density of samples taken from location A 
Samples taken from location A showed an overall decrease in crosslink density of 
between 18% and 26%. 
 
Figure 4.10 Crosslink density of samples taken from location B 
The average crosslink density of samples from location B showed a decrease in 



























































Figure 4.11 Crosslink density of samples taken from location C 
Samples from location C showed a decrease in crosslink density of between 8% 
and 20%. 
Discussion 
Comparing with measured elastic modulus 
Figure 4.12 shows the plot between the elastic modulus of rubber samples and the 
measured crosslink density from location D. As suggested by literatures, higher 
crosslink density corresponds to higher elastic modulus, except for samples taken 
from Mount ID 2 and 5 which show different elastic modulus with the same 
crosslink density, which are the newest and oldest used mounts. This is likely to be 
caused by other existing ageing mechanisms, i.e., carbon and additive migration.  
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Comparing samples from different locations on the mount 
With comparing the percentage changes of crosslink densities of samples taken 
from different locations, differences in the behaviour of crosslink density changes 
were observed. Figure 4.13 illustrates that there is a clear difference between 
samples taken from location D and samples taken from other locations.
 
Figure 4.13 Crosslink density changes of samples taken from different locations from real-world 
mounts 
Average standard deviations of measured crosslink densities at different locations 
are shown in Table 4-4. Although the variations of results at every sampling location 
were relatively small, a larger standard deviation can be observed for the 
measured crosslink density of samples taken from surface locations. This is likely 
to be caused by non-uniform ageing behaviour inside the mount, causing 
differences in the absolute distance between the sampling locations and outer 
surfaces, crucial for the results. The possible non-uniform ageing behaviour 
includes oxidation and additive migration.  
 Near Surface Away from surface 
Location A B C D 
Standard Dev 3.08 x 10-6 6.53 x 10-6 8.62 x 10-6 1.43 x 10-5 
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Based on the sampling locations, they would have been affected by ageing 
conditions shown in Table 4-5. Besides from those, all locations were affected by 
post-curing and thermal degradation. 
Sampling location Ageing condition 
Sample from location A Oxidative degradation 
Sample from location B Oxidative degradation + cyclic loading 
Sample from location C 
(3mm from surface) 
None/lesser oxidation and ozonation 
Sample from location D 
(10mm from surface) 
Cyclic loading 
Table 4-5 Ageing conditions at each sampling location 
Effect of Oxidative degradation 
A and C were both taken from locations that never experienced cyclic loading, and 
B and D were both from locations which would. By subtracting the values 
measured at the bulk region from those at the surface, the effect of oxidative 
degradation can be identified. Figure 4.14 illustrates the differences in measured 
crosslink densities for both the set that experienced cyclic loading and the set that 
never experienced cyclic loading. Both sets showed that oxidative degradation 
reduced the measured crosslink density and the impact continues with increasing 
mileage. The error bar is calculated based on the standard deviation of each 
sampling location, shown in Table 4-4. For example, the pair without cyclic loading 
has the error bar representing ± (standard deviation of location A + location C). 
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The influences of the oxidative degradation are clearly shown by the difference in 
the set that experienced cyclic loading (B and D), a decrease in crosslink density 
up to 50% of the new mount’s crosslink density, which is expected to be the result 
of oxidation according to Veith (1957), who suggested that chain scission takes the 
predominate position in the oxidation process of natural rubber [191].  
The effect is not as pronounced in the set without cyclic loading (A and C), which 
might be caused by the smaller distance difference between the sampling 
locations.  
Effect of cyclic loading 
A and B were both taken from the surface, and C and D were from regions away 
from the surface. By subtracting the value measured from the locations that never 
experienced cyclic loading from the locations that experienced cyclic loading, the 
impact of cyclic loading can be identified. 
Figure 4.15 illustrates the differences between measured crosslink densities of 
both pairs. There is a pronounced increase of difference in crosslink density 
between the pair away from the surface. However, as suggested previously, this 
could be caused by the fact that location C is closer to the surface than location D 
and has been affected by oxidative degradation. The error bar was calculated with 
the same method used in Figure 4.14. 
The difference between the pair taken from the surface showed that the impact of 
cyclic loading on measured crosslink density is insignificant. 
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4.2.2 Oxidative degradation 
Oxidation in natural rubber is dominated by chain scission [191]. It also triggers the 
formation of new compounds in the material, which changes the material 
composition. The chain scission leads to a decrease of overall crosslink density, 
which is entangled with the impact of post- curing and thermal degradation 
processes. Knowledge about the progression of oxidation can help separate the 
effect of oxidative degradation from the others.  
As mentioned in Chapter 2.4.2, the new compounds formed during oxidation 
contain O-H bond, C-O bond and C=O bonds, their intensities increase with the 
progression of oxidation. FTIR was used to examine the possible chemical 
composition change caused by oxidation by comparing the chemical composition 
of the outer surface of used and unused mount rubber. Except from comparing 
the intensities of the oxidation related bonds, other significant differences in the 
appearance of the spectrum were also noted, to identify if there are other changes 
upon the chemical composition caused by ageing.    
Sample preparation  
The testing apparatus was the PerkinElmer Frontier FTIR, which uses attenuated 
total reflectance technique for taking measurements. As described previously, 
oxidation mainly occurs when the material comes into contact with air, therefore, 
its effect is likely to be more significant on the surface of the material. Thus, all 
measurements were taken from the outer surface of the mount that are exposed 
to air. Specimens were taken from the surface of the mount, cut into 2mm thick 
and at least 3mm in width and length. Two samples were taken from the new 
mount (mount ID 1) and two from the oldest mount (mount ID 5) for the maximum 
age difference. Seven measurements in total were taken from samples from each 
mount. 
Experimental configuration 
The testing crystal was cleaned with acetone and lab paper towels after each test 
followed by a two minute drying period. The ‘background’ process, which records 
and eliminates changes from the atmosphere was done after every three tests to 
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counter any possible environmental changes. The scan covers wave numbers from 
800cm-1 to 4000cm-1, which covers all bonds formed by oxidation of natural rubber 
mentioned in Chapter 2.6.3. 
Result 
Figure 4.16 shows an example of the measurement taken from the surface of the 
rubber component in a new engine mount. Lower transmittance represents a 
higher intensity of a certain bond as the bond absorbs the energy resonance with 
its vibration modes. If intensities of bonds produced by the oxidation process 
increased, the progression of oxidation can be identified. 
 
Figure 4.16 Example of measurement taken from the rubber surface of new engine mount 
Table 4-6 shows the chemical bonds corresponding to the observed peaks. 
Possible sources of these peaks were also suggested [192] [193]. A variation on 
transmittance around 3200 cm-1 shows the existence of O-H bond in the new 
sample, the sharp peaks around 2900 cm-1 represent the methylene groups and 
methyl group. Peaks at 2330 cm-1 were reported to be caused by CO2 in the 
atmosphere. Peaks around 1520 cm-1 and 1440 cm-1 were clustered together and 
unable to be separated. 
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Table 4-6 Chemical bonds corresponding with observed peaks 
Figure 4.17 shows all measurements made on the surface of the new engine mount, 
and Figure 4.18 shows all the measurements made on the surface of the oldest 
mount.  
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Figure 4.18 FTIR spectrum of samples from surface of the oldest mount 
The transmittance line does not overlay for the samples taken from the same 
mount and a continuous decrease of transmittance was observed in every 
measurement. Carbon black is a strong absorber of infrared, which is known to be 
responsible for the all frequency range absorbance and the incline of the baseline 
[194]. As mentioned in Chapter 2.6.2, the penetration depth of the evanescent wave 
is a few micrometres and the carbon filler particles can have a diameter within 
100nm. This means that the content of interfering carbon black of each test can be 
different among tests due to the non-uniformity of carbon black distribution at 
small scale [195].  However, except from the peak at around 2330 cm-1, the peaks’ 
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The baseline transmittance is different between the new mount samples and the 
oldest mount samples. Lower transmittance of the oldest mount samples suggests 
the carbon particles in the surface region of the mount were not as intense as in 
the oldest mount. 
Figure 4.19 shows the zoomed comparison between samples taken from the new 
and the oldest mount, stacked up with 35 transmittance in between. At regions 
representing O-H (at around 3300 cm-1) bond intensity and C=O (at around 1750 
cm-1), C-O (at around 1200 cm-1) bonds intensity. No significant changes have been 
observed in the regions corresponding to O-H and C=O bonds. Intensity reduction 
can be observed at the four peaks around 2900 cm-1 (representing C-H), and peaks 
around 1440 cm-1 and 1520 cm-1 (representing C-O, C=C and C-N).  
 
Figure 4.19 Comparing samples taken from new and used mount’s surface, zoomed at regions 
corresponding to oxidative related bonds -- O-H bond (top)/ C=O & C-O bond (bottom) 
 
New Mount Mount 5 (The Oldest Used Mount) 
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The intensity reduction observed at 2900 cm-1, 1730 cm-1 and 1550 cm-1 could be 
the result of additive migration. Listed in Table 4-6, these peaks could be 
representing bonds in the additives. The 2900 cm-1 peaks reflect the amount of C-
H bonds, which are the main constituent of mineral oil, a common plasticiser. C=O 
bond exists in various additives, from plasticiser to curing agent. The peaks around 
1550 cm-1 can represent many bonds, the variation can be related to the C-H bond 
for reasons listed above and the C-N bond, a common constituent in many 
antioxidants. A similar behaviour was discovered by Liu et al. (2017), who also 
suggested that this could be led by overlaps between oxidation and loss of 
additives [125]. 
 
4.2.3 Filler re-agglomeration 
As mentioned in Chapter 2.4.3, ageing could lead to re-configuration of carbon 
filler network inside the rubber material. Scanning electron microscopy was used 
in order to attempt to observe whether this has occurred in used mounts.  
Sample preparation  
To investigate the existence of carbon filler re-agglomeration in a used engine 
mount, and its relationship with temperature, time and cyclic loading, samples 
were taken from location C and D (Both locations are away from the surface of the 
mount, where C has never experienced cyclic loading and D has.) of the new 
engine mount and three used mounts have different mileage and time in service 
(Mount ID 3,4,5 in the DMA test).  
Three samples were prepared for each interested location. The cryo-fracture 
method was used to prepare the samples. The rubber samples were soaked in 
liquid nitrogen for three minutes until bubbles were no longer produced from the 
sample surface. The sample was quickly transferred to a workbench and cut at the 
middle with a sharp razor blade. To ensure the image was not distorted by surface 
defects, only samples with a comparably clean and flat surface were used.  
 




Helios NanoLab SEM was selected due to its outstanding performance under low 
voltage conditions. After loading the samples into the chamber, the Everhart-
Thornley Detector (ETD) and through the lens detector were used to achieve 
10,000 times magnification. The voltage was set to below 5 KV to reduce any 
problems caused by overcharging. A Backscatter detector was then used to 
capture an image reflecting atom number density difference between constituents 
of rubber. Atom number density is calculated by N =
𝜌×𝑁𝐴
𝑀
, where ρ represents the 
material’s density, NA represents the Avogadro’s number and M represents the 
molar mass of the material. Carbon black has 9 × 10−22 atoms per unit volume and 
natural rubber network has 8 × 10−21 atoms per unit volume. This means carbon 
black should be able to reflect more back scattered electrons than the rubber 
network and, therefore, is expected to be brighter in the images. The captured 
images were analysed by Fiji – an image processing software, to analyse the 
particle size and their distribution. 
To avoid the problem caused by the possible non-uniform distribution of carbon 
fillers and to ensure the sample amount, seven images were captured from 
random locations across three samples of each mount.  
Result 
In the raw image, although the artefacts caused by cryo-fracture were avoided 
when capturing the images, there are still parts that are over-exposed and out of 
focus areas. This is likely to be caused by the high roughness brought by large 
carbon black particles. Thus, out of focus areas in the images were not included 
when counting the particles. Figure 4.20 to Figure 4.24 illustrate the processing 
procedures for pictures taken from location D of mount 5 as an example. The 
image was first smoothened to eliminate fake small particles caused by noise. It 
was then cropped to ensure the quality of the area to be analysed. Then, it was 
transferred into a black and white image with a brightness threshold based on the 
known volume fraction of carbon black in the sample (15%). The number and sizes 
of particles in the cropped area were then measured with the built-in particle 
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counting function. All raw images and processed images can be found in Appendix 
B i to xvii. 
 
Figure 4.20 An example SEM image taken from mount 5 sample 




Figure 4.21 Area selected to be examined 
  
 
Figure 4.22 Smoothened and cropped image 




Figure 4.23 Black and white image after setting the threshold 
 
 
Figure 4.24 Overlaying the black and white image with the cropped area 




The analysis was separated into three parts, the first part compared images taken 
from the new engine mount and the oldest mount to identify if this phenomenon 
had occurred. Location D was selected, as Zhang et al. (2014) suggested cyclic 
loading has direct effects on the carbon re-agglomeration [119]. The surface was 
avoided, as a new mount would not have experienced the same level of oxidation; 
the influence of oxidation on the imaging and carbon re-agglomeration is unknown.  
The second part compared images taken from location D from a different mount 
to investigate the relationship between carbon re-agglomeration and mileage of 
the mount. Part three compared samples taken from location C and D from 
mounts with Mount ID 3,4 and 5.  
Existence of carbon re-agglomeration 
The carbon particles in those images were categorised into different size groups, 
and the number fraction of each size group among all particles was calculated. This 
was achieved using the number of particles of each size group divided by the total 
amount of particles in each image.  
The number of particles at different size ranges was added up across all seven 
pictures for the same mount to create a larger data pool. The fractions of the 
amount of carbon particles at different sizes were then calculated, to give an 
estimation of the percentage of particles at different sizes – the particle size 
distribution of each mount.   
The particle size distribution of the sample taken from location D of the new 
mount and the sample taken from the oldest mount (Mount ID 5) are shown in 
Figure 4.25.  




Figure 4.25 Particle size distribution of mount 5 and new mount 
To compare the amount of particles at each size group, Figure 4.26 shows the ratio 
of number of particles at different sizes between the new mount and the oldest 
mount.  
 
Figure 4.26 Ratio of number of particles at different sizes between new and oldest mount 
Clearly, carbon fillers in mount 5 (the oldest mount) have more large aggregates. 































































































Location D of Oldest Mount, Test ID 5 Location D of New Mount





















Location D of New mount Location D of Oldest Mount, Test ID 5
Chapter 4 -- Benchmarking of real-world engine mount 
110 
 
occupation rate for particles larger than 0.16 μm2, which indicates that carbon 
particles were likely to group up in the used mounts. 
Relationship between mileage and carbon re-agglomeration 
Figure 4.27 shows the percentage change of particle size distribution of each size 
group for each used mount. The mileage increases with increasing Mount ID.  
 
Figure 4.27 Percentage change of particle size distribution for mount 3, 4 and 5 
The amount of large particles in mount ID 4 and mount ID 5 is more than large 
particles in mount ID 3. Although mount ID 5 has 50% more mileage than mount ID 
4, the difference between them is not more significant than the difference 
between mount ID 3 and 4. This suggested that time in service might also be an 
important factor for this mechanism, as mount ID 4 and 5 only have 2 months 
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mount ID 4



























0.03 0.04 0.05 0.07 0.08 0.09 0.11
0.12 0.13 0.15 0.16 0.18 0.19 0.20
0.22 0.23 0.24 0.26 0.27 0.28 0.30
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Mount ID Mileage (km) Time in Service (Months) 
3 92041 48 
4 96638 57 
5 145926 55 
Table 4-7 Ageing conditions of the tested mounts 
Influence of cyclic loading 
For samples taken from locations on each tested mount that never experienced 
cyclic loading, a bad conductivity was noticed upon testing. As reviewed in Chapter 
2.4.3, differences of conductivity could imply differences on the filler arrangement, 
However, this change of conductivity affected the quality of the SEM image, made 
the comparisons with samples taken from location D unreliable.   
 
4.2.4 Loss of additives 
As mentioned in Chapter 2.4.4, another possible ageing mechanism can be through 
loss of additives. Gas chromatography coupled with mass spectrometry was 
selected to investigate this phenomenon due to its ability to determine the 
concentration and chemical structure of the detected chemicals. 
Sample preparation  
Gas chromatography works by heating up and vaporising the interested chemicals 
in a solvent, then separating these chemicals according to their physical 
properties, as introduced in Chapter 2.6.5. The identity of chemicals can then be 
analysed with mass spectrometry. In order to investigate loss of additives at 
regions near the surface and away from the surface, one portion of a 300 
milligrams sample was cut from each of location B (surface) and location D (bulk) 
from both the new mount and the oldest mount. The samples were cut into 
powder like segments and soaked in dichloromethane (DCM) for 24 hours as DCM 
can effectively extract additives from the rubber sample. Some insolubles were 
also extracted, as shown in Figure 4.28, they are likely to be carbon black fillers, 
escaped due to an increase of space between polymer chains. Therefore, the 
solvent was filtered before the GC/MS test, as insolubles can damage the machine.  




Figure 4.28 Insolubles in the solvent 
 
Experimental configuration 
After the samples were soaked in DCM for 24 hours, they were loaded into the GC-
MS machine. The machine used was the 7250 Accurate-Mass Q-TOF. The samples 
were heated up from 60 °C to 300 °C with 10 °C per minute increment and 60 
minutes constant heating afterwards to clear any remaining chemicals in the 
column. The time and temperature used have clearly separated the peaks 
representing each chemical in the solvent. The result would show the retention 
time of each detected chemical. In the mass spectrometry, the intensities of 
charged fragments of each separated compound were obtained and compared 
within the NIST (National Institute of Standards and Technology) database in order 











Raw results obtained from all samples are shown from Figure 4.29 to Figure 4.32, 
the graphs plot the time taken for vaporised chemicals to go through the entire GC 
column. Each peak represents a separated chemical, and the area beneath the 
peak indicates the concentration of this specific chemical. Significant column 
bleeding can be observed after 20 minutes, which may indicate that a certain 
additive in the sample reacts with the column material. 
 
 
Figure 4.30 GC result of sample taken from location B (surface) of the new mount 
 
Figure 4.31 GC result of sample taken from location D (bulk) of the oldest mount 
Figure 4.29 GC result of sample taken from location D (bulk) of the new mount 





Figure 4.32 GC result of sample taken from location B (surface) of the oldest mount 
The peaks would be selected individually, and the mass spectrometry result for the 
selected regions would be extracted. Figure 4.33 and Figure 4.34 show the mass 
spectrometry result extraction process for the peak with a retention time of 19.9 
minutes, as an example.  
 
 
Figure 4.33 Peak with retention time of 19.9 minutes 




Figure 4.34 Mass spectrometry of peak at 19.97 minutes 
The extracted spectra were compared with spectra of known chemicals from the 
NIST database. The chemicals with similar spectra were listed with a suggested 
possibility based on how similar the spectra are. The structure of the suggested 
chemicals and their spectra in the database was also shown. Figure 4.35 and Figure 
4.36 illustrates this process for the peak observed at 19.9 minutes. 
 
Figure 4.35 Suggested chemical matches with spectrum peak at 19.9 minutes 




Figure 4.36 Chemical structure with the highest matching rate for the peak at 19.9 minutes 
Figure 4.37 shows the peaks representing the identified chemicals in the new 
mount bulk region sample. Table 4-8 shows the peak retention times and 
corresponding chemical compounds.  
The sample was sent by the material supplier of the engine mount and many 
additives may relate to the company’s intellectual property and were not 
published. The names of those additives were unable to be defined by the 
software. Thus, some of the peaks had significant changes were unable to be 








Figure 4.37 Identified peaks in the GC result of sample from the bulk region of the new sample 







Chemical structure Name 
Functionality 









3 17; 17.8; 18.6 
19.5; 20.3; 21.1; 
21.9; 22.7; etc 
 














Table 4-8 Possible corresponding chemical for detected peaks 
 
Discussion 
Figure 4.38 plots the results from new and oldest samples from location B (at the 
surface region). Baselines differences were caused by the different maximum 
chemical concentration in the solvents, it is better to make the comparison based 
on the differences between areas beneath the peak instead of height. Solvent 
volatilisation was noticed after the samples were prepared and before the test. 
Since the time taken for each test was long and DCM is a relatively volatile solvent, 
samples tested later (sample from the oldest mount) tend to have a higher 
concentration. 





Figure 4.38 GC-Result from location B of aged (green) and unaged (red) mount 
Figure 4.39 to Figure 4.42 illustrates the changes on the peaks representing the 
identified chemicals in the surface region of the material. The reduction of 
intensities on these peaks represent the existence of loss of additives. 
 
Figure 4.39 Peak 1 - diphenylamine in the surface region 
The peak representing diphenylamine has vanished, where diphenylamine is a 
widely used antioxidant in the industry. 
 
Figure 4.40 Peak 4 - 6PPD in the surface region 
The peak representing 6PPD has also almost vanished, it's the highest peak in the 
GC result of the new mount sample which shows it has a high concentration in the 
material. 6PPD is also a wildly used antioxidant. The depletion of diphenylamine 
New mount surface 






New mount surface 
Oldest mount surface 
New mount surface 
Oldest mount surface 
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and 6PPD at the surface region means the material became vulnerable to oxidative 
degradation during ageing. 
 
Figure 4.41 Peak 5 – DPPD in the surface region 
The peak representing DPPD, a common antiozonant disappeared in the result 
representing the oldest mount. This suggests that the material became vulnerable 
to ozonation during ageing.  
 
Figure 4.42 Peak 2 - octadecyl acetate in the surface region 
The peak representing octadecyl acetate was not shown in the oldest mount. 
Octadecyl acetate is a commonly used plasticiser and the depletion of it could lead 
to an increase of elastic modulus as mentioned in Chapter 2.3. 
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Figure 4.43 GC result from location D of aged (blue) and unaged (black) mount 
Figure 4.44 to Figure 4.47 illustrates the changes on the peaks of identified 
chemicals at the bulk region of the material. 
 
 
Figure 4.45 Peak 4 - 6PPD in the bulk region 
New mount bulk 






Figure 4.44 Peak 1 – diphenylamine in the bulk region 
New mount bulk 
Oldest mount bulk 
New mount bulk 
Oldest mount bulk 




Figure 4.46 Peak 4 DPPD in the bulk region 
The peaks representing diphenylamine 6PPD and DPPD have vanished or 
dramatically reduced. The concentration reduction of these additives in the bulk 
region represents the consumption of antioxidants and antiozonants in the surface 
region, which triggered the migration of additives. 
 
 
Figure 4.47 Peak 3 - octadecyl acetate in the surface region 
The concentration of octadecyl acetate decreased in the bulk region of the 
material, together with the loss of antioxidants and antiozonants, showed the 
additives that migrated in the entire rubber component. No significant difference 
was noticed between the behaviour of additives in the surface region and in the 
bulk region. The antioxidants that migrated from the bulk to the surface postponed 
the effect of oxidative degradation. The loss of plasticiser in both regions means 
the stiffening of the material during ageing caused by loss of additives was 
throughout the rubber component in the mount. 
 
New mount bulk 
Oldest mount bulk 
New mount bulk 
Oldest mount bulk 




Cracks can also affect the mechanical properties of the specimen. When 
deforming the mount surface, no discontinuation was noticed, which means no 
visible cracks were found on the mount surface. SEM is the most commonly used 
method to observe smaller cracks, due to the edge sensitivity of secondary 
electrons described in Chapter 2.6.4. As described in Chapter 2.4.5, potential 
cracks in the mount are likely to affect the sample’s mechanical performance, as it 
changes the stress distribution and adds friction inside the material.  
Sample preparation  
Three samples containing 4mm of the mount surface with thickness and width of 
1.5 mm were prepared with the cryo-fracture technique. Due to the bad flatness of 
the actual surface, the observation was made at multiple locations on the cross-
section of the mount. When considering the geometry and functionality of the 
rubber part on the engine mount, cracks are likely to propagate in the radial and 
azimuthal directions due to the compression and bending the rubber part suffers.  
As described in Chapter 2.4.1, cracks are especially likely to be generated on the 
surface due to ozonation. Thus, the near-surface regions of the cross-section 
shown in Figure 4.48 were selected to be examined. Samples were cut from a new 
mount and Mount ID 5, the oldest mount, is the one that has the highest possibility 
to have cracks.  
 
 
Figure 4.48 Sampling location for finding cracks on used mount 




Multiple samples were loaded, the operator navigated through edges 
corresponding to the mount surface of each sample and took pictures when the 
crack was observed. 
Result 
Only one large crack was found on all examined surfaces, which is shown in Figure 
4.49. It was captured on the surface of the oldest mount.  
 
Figure 4.49 Crack on the surface of Mount ID 5, the oldest mount 
Discussion 
Only a single crack was found from a 1 cm long surface. There is no evidence of 
mass formation of cracks in the used engine mount, thus, further investigation on 
cracks was stopped. 
 
 




This chapter has shown that the elastic modulus of rubber taken from used 
mounts increased during ageing. Material characterisations have shown that, 
among the possible ageing mechanisms, evidence has been found for post-curing 
and thermal degradation, oxidative degradation, carbon re-agglomeration and loss 
of additives. In order to build up a more rigorous understanding of these ageing 
mechanisms, they needed to be investigated under environments with controllable 
ageing conditions. 
Due to the limitation on the sample amount, the number of repeating samples 
were cut to minimum. This does not affect the conclusions have been drawn from 
the previous tests, as the tests have been repeated for a few times showed that the 
error is significantly smaller than the changes observed. 
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CHAPTER 5. ARTIFICIAL AGEING (IN AIR) 
The previous chapter showed how the elastic modulus, crosslink density, carbon 
filler distribution and quantity of additives intensities of the rubber in the engine 
mount were affected by ageing. As the samples taken from used engine mounts 
were unable to provide repeatable data due to different driving preferences of 
drivers, samples with more controllable ageing conditions are required. As 
described in Chapter 2.5.2, artificial ageing is a common method for investigating 
ageing behaviour of rubber materials. This was, therefore, identified as a suitable 
method for investigating samples aged in an oven, with the presence of air. 
 
5.1 Ageing parameters 
 
5.1.1 Material 
Due to the limitation on the amount of the actual mount material, a few 6mm thick 
rubber sheets with the same composition as the mount rubber were acquired 
from the material supplier. The sheets were produced by compression moulding 
instead of injection moulding, which may affect the material’s properties while 
maintaining a similar ageing behaviour. A set of samples taken from a new engine 
mount was also aged in this section to allow a comparison to be made. Most tests 
were not repeated, as the expected properties changes are larger than errors 
generated in the experiment. This is for ensuring the remaining material is 
sufficient for further tests. 
 
5.1.2 Atmosphere 
This test was performed in air, as the engine mount was exposed to air during 
service. Anaerobic accelerated ageing, which is used to investigate the bulk 
material’s properties that are expected not to be affected by air, will be discussed 
in the next chapter. 
 




The temperature was set to 95 °C, the highest temperature the mount could have 
experienced in Dubai according to the product supplier, in order to ensure the 
oven aged samples did not experience higher temperatures than likely in real life. 
All samples were put in the oven above a thick layer of sand to maintain their 
surrounding temperature when opening the oven. 
 
5.1.4 Length of time 
The purpose of the artificial ageing is to investigate how properties of the rubber 
samples change in the presence of air. The length of the artificial ageing needed to 
be long enough to cover what the rubber could have experienced in real life. Thus, 
the entire artificial ageing process could be considered a combination of 
accelerated ageing and environmental ageing, with the accelerated ageing part 
representing the time the vehicle is not being used and the environmental ageing 
part representing when the vehicle is in operation. 
For the accelerated ageing part, according to the Arrhenius Equation mentioned in 
Chapter 2.5.2, the ageing under room temperature (in a garage) for the duration of 
52 months can be achieved in 10 days under 95 °C. The calculation is shown in 






























Equation 5-1 Calculation for accelerated ageing time 
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For the environmental ageing part, among the examined retrieved mounts, the 
highest average mileage per month is 2806 km/month. This suggests that the 
average mileage per day is 66 km. Assuming an average driving speed of 50 km/h, 
the time that the engine experienced 95 °C is no more than 130 days. Thus, 
together with the 10 days from the accelerated ageing part, the total length of the 
test was set to 140 days. 
 
5.2 Investigation of properties with ageing 
Changes to elastic modulus, crosslink density, carbon filler distribution and 
additives intensities have been confirmed to be related to ageing in the previous 
chapter. These properties were, therefore, chosen to be measured for the 
accelerated aged samples. To avoid any uncertainties caused by differences on 
testing environments such as room temperature and humidity, all tests for the 
same interested property were performed at the same time, after all the samples 
had been taken out and acclimatised. 
 
5.2.1 Elastic modulus: 
DMA tests were applied to measure how the elastic modulus of the material 
changes under a controlled ageing environment. It also verified whether the sheet 
samples could be used to represent the rubber material in the engine mount.  
Test method 
DMA tests were performed on the Metravib VA2000 again under 1 Hz and 30 °C. 
Measurements of elastic modulus were made under 10% dynamic and static 
strains.  
Sample preparation 
Samples taken from both the new engine mount and the rubber sheet were 
prepared for the elastic modulus measurement. The samples were prepared 
manually as described in Chapter 4.1.3. The samples were cut to 5mm x 6mm x 
16mm ±1.5mm blocks.  




The sampling frequency for the samples is shown in Table 5-1.  
Sample type Sampling amount Sampling frequency 
DMA test (mount) 1 Every 7 days  
DMA test (sheet) 1 Every 7 days 
Table 5-1 Sampling elastic modulus samples 
Result 
Figure 5.1. shows the result of this testing on the mount samples. The 88 day old 
sample broke during the test and therefore is not recorded.  
 
Figure 5.1 Elastic modulus of aged mount samples 
It can be seen that there is an increase to a peak at around 21 days, followed by a 
subsequent decrease until around 43 days. A final increase is observed after this, 
which is likely to be related to a final loss of resilience of the material, as the 
samples aged 88 days were broken during the test. 
Figure 5.2 shows the elastic modulus of the sheet samples. A similar trend was 
observed; the sheet material did not break at 88 days into ageing, which could be 



























Figure 5.2 Elastic modulus of aged sheet samples 
Discussion 
All results indicated the same ageing behaviour, for both the sheet samples and the 
mount samples under both strain conditions. Figure 5.3 shows the percentage 
changes of elastic modulus for both materials under 10% dynamic and static strain 
conditions. 
 
Figure 5.3 Change of elastic modulus of aged mount and sheet samples under 10% dynamic strain 
These results suggested that, although the exact properties may differ between 
the mount and the sheet material, the sheet material should provide a good 
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5.2.2 Crosslink density 
Crosslink density of samples taken from different locations in the used engine 
mount had different ageing behaviours. As a property closely related to the elastic 
modulus of the material, the swelling technique was, therefore, conducted on the 
artificially aged samples. 
Test method 
Crosslink density was investigated with the swelling technique described in 
Chapter 4.2.1. 
Sample preparation 
The samples were cut manually to 4mm x 4xmm x 4mm ±1mm cubes using the 
method described in Chapter 4.2.1. The critical depth for oxidation for similar 
materials under 95 °C ranges from 4mm to 6mm based on the theory mentioned in 
Chapter 2.4.1, which means oxidation mainly takes place at the first 1-2mm, as the 
effects exponentially decay with depth. The difference between the whole sample 
and the surface removed sample can be used to identify the impact of oxidative 
degradation observed in previous tests. Two sets of sheet samples were, 
therefore, prepared, in order to investigate the effect of oxidative degradation - 
the first set was tested as normal, the second set were tested with 1mm removed 
from each surface. 
Sampling frequencies 
The samples were sampled in rates shown in Table 5-2.  
Sample type Sampling 
amount 
Sampling frequency 
Mount sample  1 Every 7 days  
Sheet sample (surface 
included) 
1 Every 7 days 
Sheet sample (surface 
removed) 
1 Every 7 days 
Table 5-2 Sampling frequencies for crosslink density tests 




Figure 5.4 shows the crosslink densities of the tested samples. The crosslink 
density of the mount samples raised to a peak at 21 days into ageing followed by a 
subsequent decrease until 43 days. The measured crosslink density of mount 
samples continued to increase afterwards. 
The surface included sheet samples that showed a decrease of crosslink density 
and reached a trough at around 28 days, followed by a subsequent increase till the 
end of the ageing period. 
The crosslink density of the surface removed sheet samples increase for the 
sample 5 days into ageing, followed by a decrease until 34 days into ageing, then 
continued to increase afterwards. 
 
Figure 5.4 Crosslink density changes of aerobic aged samples 
Discussion on crosslink density  
The different crosslink density changes between the sheet and mount samples 
could be caused by the different chain arrangements as suggested by Skrobak 
(2016), mentioned in Chapter 2.3.1 [61]. Although the composition of the materials 
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crosslinks formed internally and led to a difference on the post-curing and thermal 
degradation behaviour. 
At any particular days into ageing, the crosslink density of the sheet sample is 
higher than the surface removed sheet sample. Thus, the decrease of crosslink 
density was caused by oxidative degradation. This decrease kept throughout the 
90 days ageing period in the near surface region of sheet samples.  
 
5.2.3 Filler re-agglomeration 
Increase of the aggregates’ sizes were observed on the rubbers taken from used 
engine mounts. Its impact on artificially aged samples needs to be investigated.  
Test method 
SEM images were taken by the Helios NanoLab SEM machine described in Chapter 
4.2.3 to look at the carbon filler distribution of the material. SEM images were 
taken from the new sheet sample and the aged sheet sample. The images were 
processed and analysed with the methods used in previous tests.  
Sample preparation 
The SEM samples were prepared using the cryo-fracture technique described in 
Chapter 4.2.3. The samples were prepared to be thinner than 1mm to reduce the 
problems caused by charging.  
Sampling frequency  
The sheet sample aged the most was tested, which was 137 days into ageing. Seven 
SEM images were taken from the new sheet sample and another seven from the 
137 days aged sheet sample.  
Result 
Figure 5.5 and Figure 5.6 show example images taken from the new sheet sample 
and the 137 days aged sheet sample, respectively. The rest can be seen in Appendix 
B xii to xv. The analysing method was the same as in Chapter 4.2.3.  




Figure 5.5 New sheet sample 
 
Figure 5.6 Sheet sample aged 137 days 
Discussion on carbon re-agglomeration 
Figure 5.7 shows the ratios of the amount of carbon particles between the two 
samples under different size ranges.  




Figure 5.7 Comparison of size distribution between new and aerobic aged sample 
It can be seen that although the difference between the two samples were not as 
significant, the 137 days aged sample showed a higher proportion of large 
aggregates, as was seen in aged mounts in Chapter 4.2.3. This will be discussed 
further in Chapter 7. 
 
5.2.4 Loss of additives 
Many additives that relate to the properties of the rubber material have depleted 
inside the used engine mount. To investigate how variations on the concentration 
of these additives are related to the elastic modulus changes, additive intensities 
were measured for sheet samples at different days into ageing. 
Test method 
Additives of differently aged sheet samples were extracted from the sample by 
DCM, as mentioned in Chapter 4.2.4. The solutions were then tested by the same 
GC-MS machine. 
Sample preparation 
Samples were prepared to powder like fragments as mentioned in Chapter 4.2.4. 
In the previous test, it was noticed that the long experimental time made the DCM 
solvent used to extract the sample evaporate while queuing. To normalise the 
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concentration between samples, the same amount of dodecane was added into 
each extracted solvent. Intensities of each interested additive could be normalised 
by the concentration of dodecane before comparison. The filtering process was 
also removed, the solvent was carefully drawn with a pipette with smaller inlet 
nozzle to prevent extracting the insoluble material. To obtain more accurate 
results, the drawing amount of the GC machine also increased from 0.1ml to 0.3ml 
to enhance the signal and reduce the effect of noise.  
Sampling frequency  
Sheet samples were sampled in dated listed in Table 5-3. The sampling was more 
frequent at the beginning of the test as the additives were expected to deplete 
faster in the beginning. One extra sample was taken on day 0 and day 56, to 
investigate the error in the test. One extra sample was introduced for day 0 and 
day 56, to provide knowledge about uncertainties introduced in the sample 
preparation process. 
Sampling days 0 4 7 16 24 36 45 56 72 92 
Increment 
(days) 
0 4 3 8 8 12 11 11 16 20 
Table 5-3 GC-MS sampling days 
Result 
Figure 5.8 to Figure 5.10 shows the results from a new sheet sample, a 16 days aged 
sample and a 72 days aged sample. The peaks were analysed using the method 
described in Chapter 4.2.4. Table 5-4 shows the peaks match well with chemicals 
that have known functionalities; more peaks were defined due to the improvement 
of the test method. As described in Chapter 4.2.4, many peaks were unable to be 
clearly identified and are, therefore, not discussed here. 




Figure 5.8 GC result for a new sheet sample 
 
 
Figure 5.9 GC result for sheet sample aged 16 days 
 
 


























































































Table 5-4 Possible names and functionalities of identified chemicals 
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Figure 5.11 shows the built in integral function for identifying the concentration of a 
certain chemical. Due to the potential vaporisation of solvent before the test, all 
results were normalised by the concentration of dodecane before further 
comparisons. A table of measured concentration of these chemicals are included 
in Appendix C i. 
 
Figure 5.11 Built in integral function 
Discussion  
Figure 5.12 shows the concentration changes of dodecane in the new sample, 16 
days aged sample and 72 days aged sample. The concentration of dodecane 
increases with time, which confirms the possible phenomenon of solvent 
evaporation mentioned in Chapter 4.2.4. 
 
Figure 5.13 to Figure 5.19 illustrates the normalised concentration changes of these 




Figure 5.12 Intensity of dodecane in samples with different days into ageing 




Figure 5.13 Concentration changes of plasticiser 1 - octadecyl 
 
 





















































Figure 5.15 Concentration changes of plasticiser 2 - adipol 2EH 
 
 





















































Figure 5.17 Concentration changes of paraffin oil/wax 
 
 






















































Figure 5.19 Concentration changes of plasticiser 4 - dioctyl isophthalate 
It can be seen that the concentration of all the additives decreased over time, with 
key points at around 24 days and 43 days. The reduction of concentration of all 
additives became slower at these key points. The reduction of plasticisers could 
lead to an increase in the sample’s elastic modulus. The depletion of antioxidants 
and antiozonants makes the material became more vulnerable to oxidative 
degradation during ageing.  
The samples prepared from the same day showed (day 0 and day 56) the 
uncertainties caused by sample preparation could be up to around 20% of the 
additive’s concentration.  
The concentration of plasticiser 4 shows an increase at 56 days and 92 days into 
ageing. Other additives also showed a slight fluctuation at these periods. The 
increase of concentration observed on plasticiser 4 and wobbles from other 
additives were likely to be caused by uncertainty introduced in sample preparation 
process. The wobbles observed from all additives were observed from the same 
sample, this means that these changes were highly likely to be caused by the 
uncertainties introduced during sample preparation.  As shown in Chapter 5.2.4, 
plasticiser 4 is less volatile than other additives, which makes this introduced 





























In addition to the factors identified in Chapter 2, Shore A hardness is often linked 
to stiffness of the material. Therefore, a hardness test was added as an extra 
investigation in this experiment.  
Test method 
Shore A durometer was used to measure the Shore A hardness of the sample 
manually. The reading was taken after the tip of the durometer was pressed into 
the sample and allowed to rest for 15 seconds, for reasons described in Chapter 
2.6.1. The test would be performed after resting the samples on a metal plate for 
30 minutes to acclimatise to the environment. The samples would then be put back 
into the oven until the next test. 
Sample preparation 
The samples were prepared into 12mm x 12mm x 6mm blocks. Two mount samples 
and four sheet samples were prepared.  
Sampling frequency  
The temperature variation is not avoidable when opening the oven, to investigate if 
this variation would affect the elastic modulus of the samples, hardness samples 
were categorised into three sets with different sampling frequencies to identify 
the impact of discontinuous ageing described in Chapter 2.5.2.  





2 Every day at the beginning 
and less frequent later 
Hardness sample (sheet) 2 Every day at the beginning 
and less frequent later 
Hardness sample (sheet) 1 Every 7 days 
Hardness sample (sheet) 1 137 days 
Table 5-5 Sampling frequencies for hardness tests 
 




The hardness for all tested samples is plotted in Figure 5.20. The hardness of the 
samples increased to a peak at around 27 days, followed by a subsequent decrease 
to around 60 days. A final increase was observed after this. The samples tested 
every 7 days follow the samples tested every day until 90 days into ageing. The 
sample tested only at the end gave a similar result to the sample tested every 7 
days. After 90 days into ageing, the locations that had been tested previously gave a 
significantly smaller reading than locations that had never been tested. 
 
Figure 5.20 Hardness of accelerated aged mount and sheet samples 
Discussion on hardness test 
The changes were significant and relatively slow, which validated the designed 
sampling frequencies for other tests. The different intermittent heating setup did 
not show significant impact to samples aged less than 90 days. The reason for 
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to be caused by the damage received by the sample. As mentioned in Chapter 4.1, 
the material lost its resilience during ageing and the elongation at break is near 
20% for the 90 days aged mount sample. The sheet sample is expected to 
experience the same problem and, therefore, when the tip of the durometer was 
pressed into the sample, it could have damaged the integrity of the polymer 




5.3.1 Comparing DMA result with result from the hardness test 
The measured Shore A hardness was transferred into elastic modulus using 
Equation 5-2 mentioned in Chapter 2.6.1, where E represents elastic modulus and S 
represents Shore A hardness. 
𝐸 =  
0.0981 × (56 + 7.62336 × 𝑆)
0.137505 × (254 − 2.54 × 𝑆)
 
Equation 5-2 Shore A hardness to elastic modulus according to Gent (1958) [161] 
In Figure 5.21, the transferred hardness results are compared with elastic modulus 
measured with DMA. 
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It shows the results obtained by both methods had a similar behaviour.  The 
magnitude of changes for results from the hardness test is smaller than the DMA 
results, which could be caused by human error. 
 
5.3.2 Comparing change of elastic modulus and crosslink density 
Figure 5.22 shows the crosslink density vs. elastic modulus of accelerated aged 
samples. The correlation is not very good, which could suggest a changing of elastic 
modulus caused by ageing mechanisms irrelevant to crosslink density.  
 
Figure 5.22 Crosslink density vs. elastic modulus for aerobic aged samples 
 
5.3.3 Loss of additives and changes to elastic modulus 
Plasticisers were added to the material to reduce its stiffness. The decreases of 
plasticisers’ intensities are likely to be related to the stiffening of the material 
before 28 days into ageing. As shown in Figure 5.23, the elastic modulus of the 
material reached a peak between 21 to 28 days. Most plasticisers lost more than 
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Figure 5.23 Loss of additives and changes on elastic modulus 
Paraffin wax was added as a protective chemical, however, its existence reduces 
the elastic modulus of the material as described in Chapter 2.3.5. The remaining 
paraffin wax in the material also reached below 50% which could contribute to the 
stiffening of the material. 
The antioxidant and antiozonant also depleted during this period, which may allow 
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5.3.4 Potential impact of oxidation 
The failure of the 90 days aged mount sample during the DMA test suggests that 
the material has lost its resilience at this stage which could be caused by the 
breakdown of polymer backbone chains during the chain scission process caused 
by oxidation, which makes the material lose its flexibility.  
In the sheet sample, more than 50% of antioxidants and paraffin wax were lost 
before 24 days into ageing and depleted at around 60 days into ageing, which 
suggests oxidative degradation related reactions became more rapid after day 24. 
As mentioned in Chapter 2.4.1, it is possible that the dominating mechanism of 
oxidation for regions away from the surface transferred from chain scission to 
crosslinking, which could be causing the increase of crosslink density after 50 days 
into ageing. This can be seen in Figure 5.24, where black and grey markers 
represent the measured crosslink density of original and surface removed 
samples, respectively.  
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Although the possible causes of some changes of elastic modulus of material have 
been identified, the impact of these ageing mechanisms are still entangled. In 
particular, the effect of oxidation is likely to conceal the effects of other ageing 
mechanisms causing changes to crosslink density.  
The following chapter will, therefore, focus on investigating the same factors 
without the presence of oxygen. 
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CHAPTER 6. ARTIFICIAL AGEING (IN NITROGEN) 
Both the accelerated ageing test and results obtained from used engine mounts 
indicate that the oxidative degradation is causing chain scission to the material. 
Due to the existence of certain additives, the FTIR test was unable to provide the 
degree of oxidation. Its impact on crosslink density was also linked to post-curing 
and thermal degradation. This made the deduction of the sole impact of oxidation 
inapplicable without further investigation. Thus, samples taken from the rubber 
sheet were artificially aged under an anaerobic environment. When comparing 
results obtained from the aerobic accelerated ageing test, the impact of the 
presence of oxygen and other ageing mechanisms can be deduced. 
 
6.1 Ageing parameters 
 
6.1.1 Material 
All samples were prepared from the rubber sheet; its similarity with the mount 
rubber on ageing behaviour has been confirmed in previous tests. 
 
6.1.2 Atmosphere 
To create an anaerobic environment for multiple samples with different 
designated ageing times, it is crucial that the samples are separated from each 
other, i.e., the anaerobic environment of each sample would not be disturbed when 
removing samples as they reach their designated ageing time.  
The samples cut for different characterisation methods were, therefore, put into 
20ml vials filled with nitrogen gas. The number of samples, their purpose and the 
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Table 6-1 Anaerobic test vial configuration and sampling frequencies 
Samples with the same purpose were put into different vials to reduce the impact 
of the unlikely event of nitrogen gas leaking. Headspace vials were used, with caps 
that have PTFE/silicone septum acting as seals to ensure good airtightness while 
ageing. Figure 6.1 illustrates the cap of the vial; the white disc is the PTFE/silicone 
septum, which has good thermal capabilities [196] [197]. 
 
Figure 6.1 Caps with PTFE/silicone septum 
Figure 6.2 illustrates the gas filling procedure. The nitrogen gas was fed into the 
bottle at 100 ml/min through the needle. Samples were put away from each other 
and leant towards the wall of the bottle; this is to reduce the possibility of trapping 
air between contacting surfaces. The gas filling step was set to 10 mins to ensure 
that the majority of the air inside the bottle was replaced by nitrogen gas. The 
bottle was gently brought down and the cap was crimped on the bottle as soon as 
the needle left the bottle. The needle directing nitrogen gas was bent with a 
desired curve and length, ensuring the tip of the needle is close to the bottom of 
Vial type Vial configuration Number of vials 
Vial type 1 
1 x DMA sample 
27 
2 x crosslink density samples 
Vial type 2 
1 x GC sample 
9 
1 x SEM sample 
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The temperature was set to 95 °C, the same as in Chapter 5. The bottles were 
buried in a sand bath to maintain a more stable surrounding temperature when 
the oven door needed to be opened.  
 
6.1.4 Length of time 
The total ageing time was set to 90 days, as samples artificially aged in air lost their 























After 10 mins 
Figure 6.2 Anaerobic vials preparation 
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between samples aged under anaerobic and aerobic environments after this date 
is meaningless.  
It was noticed that most property changes in the previous test were more complex 
before 43 days into ageing, which indicates a faster property-changing rate in this 
period. Thus, the sampling days were set to be more frequent at the beginning of 
the test. Thus, 3 vials containing DMA/crosslink density test samples and 1 vial 
containing GC-MS/SEM samples were taken at days shown in Table 6-2. Vials were 
taken in a random order to balance out the uncertainties caused by the possible 
variation of ageing conditions at different locations in the oven.  
Sampling days 0 6 12 19 28 38 49 60 74 88 
Increment (days) 0 6 6 7 9 10 11 11 14 14 
Table 6-2 Anaerobic test sampling days 
 
6.2 Investigation of properties with anaerobic ageing 
The properties measured in the aerobic accelerated ageing test were measured 
again, including elastic modulus, crosslink density, carbon re-agglomeration and 
additives intensities. All tests for the same interested property were performed at 
the same time, regardless of the time the samples were taken out of the oven. 
 
6.2.1 Elastic modulus 
Test method 
As described in Chapter 5.2.1, the samples were tested with 10% dynamic and 
static strain.  
Sample preparation 
The samples were prepared with the manual cutting method described in the 
previous test. The samples were cut to 5mm x 6mm x 16mm ±1.5mm blocks. 
Sampling frequency 
3 Samples were acquired on days listed in Table 6-3.  
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Sampling days 0 6 12 19 28 38 49 60 74 88 
Increment (days) 0 6 6 7 9 10 11 11 14 14 
Table 6-3 Sampling frequencies for elastic modulus samples 
Result 
Figure 6.3 shows the results of the 10% static and dynamic stain test. The changes 
to the elastic modulus of anaerobic aged sheet samples were insignificant before 
20 days into ageing. It then decreased to trough at around 50 days into ageing and 
increased afterwards.  
 
Figure 6.3 Elastic modulus changes of anaerobic aged samples under 10% static and dynamic strain 
 
6.2.2 Crosslink density 
Test method 
The exact measuring process described in Chapter 4.2.1 was applied.  
Sample preparation 
The samples were cut manually into 4mm x 4xmm x 4mm ±1mm cubes as 
described in the previous test. 
Sampling frequency 
Six samples were acquired on days listed in Table 6-4. Samples were kept in vials 
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Sampling days 0 6 12 19 28 38 49 60 74 88 
Increment (days) 0 6 6 7 9 10 11 11 14 14 
Table 6-4 Sampling frequencies for crosslink density samples 
Result 
As shown in Figure 6.4, the crosslink density of the samples decreased after 10 
days into ageing and reached a trough at around 50 days into ageing. 
 
Figure 6.4 Crosslink density changes of anaerobic aged samples 
 
6.2.3 Carbon re-agglomeration 
Test method 
SEM images were taken by the Helios NanoLab SEM machine used previously. The 
analysis method described in Chapter 4.2.3 was applied again. 
Sample preparation 
The SEM samples were prepared with the cryo-fracture technique and then 
manually cut to 1mm thick, as mentioned in Chapter 5.2.3.  
Sampling frequency  
Seven images were captured from the new sheet samples and the 90 days 
































The images can be seen in Appendix B xvi to xvii. The analysation method was the 
same as in Chapter 4.2.3. Figure 6.5 shows the ratios of the amount of carbon 
particles between the two samples under different size ranges. 
 
Figure 6.5 Particle size ratios between 90 days anaerobic aged sample and new sample 
Differences can be observed at individual size categories with no clear trend. 
Although the sample is only 90 days into ageing, no precursor of carbon re-
agglomeration has been observed.  
 
6.2.4 Loss of additives 
Test method 
Intensities of additives were measured using the method described in Chapter 
5.2.4. 
Sample preparation 
The sample preparation process was identical to the process described in Chapter 
5.2.4. 
Sampling frequency  
Samples were taken in days listed in Table 6-5.  



















New Sample 90 Days Into Ageing
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Sampling days 0 6 12 19 28 38 49 60 74 88 
Increment (days) 0 6 6 7 9 10 11 11 14 14 
Table 6-5 Sampling days for GC-MS samples 
Result 
The measured intensities of each interested chemical are listed in Appendix C ii. 
Figure 6.6 shows the normalised results of these chemicals.  
 
Figure 6.6 Concentration changes of interested additives in anaerobic aged samples 
Concentration of 6PPD, the antioxidant, and DPPD, the antiozonant, reduced in the 
first 60 days into ageing. The reduction could be caused by the migration of the 
chemical, as both 6PPD and DPPD are volatile chemicals.  
It clearly showed that, under an anaerobic environment, the plasticisers and 
paraffin oil/wax in the material remained stable throughout the ageing period, 
making them irrelevant to the changes to the elastic modulus. 
concentrations of plasticisers and paraffin oil/wax wobbles at various days but 


















Plasticizer 1 - Octadecyl Paraffin oil and wax
Antioxidant - 6PPD Plasticizer 2 - Adipol 2EH
Plasticizer 3 - Eicosyl acetate Antiozonant DPPD
Plasticizer 4 - Dioctyl isophthalate
Chapter 6 -- Artificial Ageing (In Nitrogen) 
158 
 
were likely to be caused by uncertainties, as no known mechanism could increase 
the concentration of these additives.  
 
6.3 Discussion  
As can be seen in Figure 6.7, the measured crosslink density correlates very well 
with elastic modulus. This suggests crosslink density changes are responsible for 
elastic modulus changes in the anaerobic aging test. 
 
Figure 6.7 Crosslink density vs. elastic modulus of anaerobic aged samples 
All measured properties behave differently under anaerobic ageing conditions, 
which suggests that they were related to air contact. The changes observed on 
carbon black distribution and concentrations of plasticisers are not significant 
under anaerobic environment. Although the loss of antioxidants and antiozonants 
still occurs, slow depletion rate suggests that this reduction of concentration could 
be caused by the migration process and volatilisation.  
The changes of crosslink density under the anaerobic environment are likely to be 
caused by post-curing and thermal degradation. As the other ageing mechanisms 
related to crosslink density – oxidation and carbon re-agglomeration were not 






















Crosslink density Mol/cm3 x10-4
Chapter 7 -- Discussion 
159 
 
CHAPTER 7. DISCUSSION 
 
7.1 Introduction 
The ageing behaviour of samples aged under three different ageing conditions 
were examined, including samples taken from real-life used engine mounts, 
samples that experienced oven ageing in air, and samples that experienced 
anaerobic artificial ageing. This chapter compares the results across samples aged 
in these three environments, attempting to conclude the differences between the 
lab aged samples and real-life aged samples, and to deduce the ageing behaviour of 
rubber material in the engine mount.     
 
7.2 Ageing Behaviour of the Mount in Real-Life Scenario 
As described in Chapter 2, an increase of elastic modulus was observed on rubber 
in the used engine mounts. The acting ageing mechanisms were defined to be post-
curing and thermal degradation, oxidative degradation, carbon re-agglomeration 
and loss of additives. All these mechanisms could be the reason behind the 
stiffening of the material. Table 7-1 summarises the potential influence of these 
mechanisms. 
Ageing mechanisms Potential impact based on literature 
Post-curing and thermal 
degradation 
Stiffening or softening, or a mix of both, during ageing 
by changing the crosslink density of the material, the 
actual impact depends on how crosslinks were 
formed inside the material during manufacturing. 
Oxidative degradation Based on the difference in crosslink density measured 
at locations near and far from the surface of the 
mount, it was confirmed that oxidative degradation 
causes chain scission to the material. However, the 
dominating mechanism changing from chain scission 
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to crosslinking suggested by Bonfils (1999) could be 
happening inside the material [102]. 
Filler re-agglomeration The carbon black filler grouped up during ageing to 
form larger aggregates which could potentially 
decrease the elastic modulus, as larger aggregates 
size reduces the reinforcement performance and can 
be considered as poor dispersion. For locations that 
never experienced deformation, the newly formed 
larger aggregates are likely to trap rubber chains and 
lead to an increase in crosslink density. This is not 
likely to affect the material’s elastic modulus, as the 
chains would break free when the material is 
deformed. 
Loss of additives The loss of various plasticisers and paraffin wax could 
potentially lead to an increase of elastic modulus. Loss 
of antioxidants and antiozonants made the material 
became vulnerable to oxidative degradation during 
ageing. 
Table 7-1 Effects of acting ageing mechanisms 
The good correlation between elastic modulus and crosslink density changes of 
samples taken from the bulk region of the mount proved that the dominating 
mechanisms are the ones causing changes to crosslink density. 
The impact of cyclic loading on crosslink density was concluded as insignificant in 
Chapter 4.2.1, but, during the SEM imaging process, it was noticed that regions that 
experienced cyclic loading had better conductivity than regions that never 
experienced cyclic loading in used mounts. Mentioned in Chapter 2.4.3, the 
conductivity could be affected by re-agglomeration of carbon fillers, suggesting the 
cyclic loading process may have influences on other properties of the material.  
Although the acting mechanisms were identified, how they impacted through the 
ageing process was not clear as, in a real-life scenario, the driver’s driving 
preferences could make these ageing mechanisms progress differently in each 
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aged mount. The discussion about how these ageing mechanisms evolved will be 
made later after more understanding of them is gained.   
 
7.3  Use of Artificial Ageing to Simulate Real-Life Behaviour  
In order to obtain samples with controllable ageing parameters, artificial ageing 
experiments were conducted. The mount samples have been artificially aged in air 
and changes to their elastic modulus and crosslink density were clearly presented. 
Figure 7.1 compares the elastic modulus changes of samples taken from used 
engine mounts and samples aged artificially. Although the aged days and mileage 
were unable to be correlated due to the uncertainties caused by the driver’s 
driving preferences, it shows that the magnitude of the changes were similar 
between the two sets of samples.  
 
Figure 7.1 Elastic modulus changes under 10% dynamic strain and 10% static strain in samples taken 
from real-life and artificially aged 
Unlike samples taken from the real engine mounts, a bad correlation between 
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Figure 7.2 Crosslink density vs. elastic modulus for samples aged in lab and real-life 
This could be caused by the impact of factors not influencing crosslink density, or 
the non-uniform crosslink density changes through the sample caused by oxidative 
degradation. Figure 7.3 illustrates the percentage changes of elastic modulus and 
crosslink density of aged mount samples.  
 
Figure 7.3 Percentage changes of elastic modulus and crosslink density for aged mount samples 
Although loss of additives could contribute to the increase of elastic modulus 
before 21 days, it does not affect crosslink density. The increase of crosslink 
density could be caused by the post-curing and thermal degradation processes. 
The magnitude of the decrease of elastic modulus after 24 days is not likely to be 
caused by oxidation and ozonation only, as they mainly acted at the surface region. 
Therefore, it is possible that post-curing and thermal degradation also contributed 
to this decrease of crosslink density after 24 days into ageing for the mount 
rubber, and together with oxidation lead to this strong decrease of elastic 
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density and elastic modulus of the material, it is not likely that it contributed to this 
decrease, for reasons that will be explained later. 
Post-curing, thermal degradation and oxidative degradation could be responsible 
for the final increase of the modulus, and made the material lose its resilience. 
Further discussion on their behaviour is discussed later. 
 
7.3.1 Differences between rubber from the used engine mount and aerobic 
aged samples 
As mentioned in Chapter 2.3, the critical depth of oxidation is related to the 
temperature of ageing. This depth could range from 5 mm to 30 mm for 
temperatures from 100 to 25 °C, based on calculations from literature [33]. Except 
for the more significant oxidation caused by a high temperature environment, 
which mainly happens in the surface region, oxidation under lower temperatures 
during the service time could slowly penetrate through the entire rubber 
component. This means that material in the rubber component in the engine 
mount is influenced differently by oxidative degradation when compared with the 
smaller samples used in the artificial ageing test. 
Another potential difference between them could be the content of additives. As 
described in Chapter 4.2.4, the additives in the bulk region of the rubber 
component in an engine mount could migrate to the surface region during ageing. 
This could have delayed the breakdown of the polymer network caused by 
oxidation and ozonation. The tested sample taken from the mount aged the most 
still maintains its resilience. This allows the material to survive longer and provide 
time for other mechanisms to develop further. These mechanisms include carbon 
re-agglomeration and crosslinking caused by oxidation due to lack of oxygen in the 
interior of the material.  As the protection layer formed by antioxidants and 
oxidised rubber in the surface region prevents oxygen from diffusing into the bulk 
region of the mount, the changing dominating mechanism phenomenon mentioned 
in Chapter 2.4.1 can occur. However, due to the limited amount of new mount 
material, it was not possible to test the concentration changes of additives in the 
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artificially aged samples. Rubber sheets provided by the material supplier were 
used as a substitute for further investigations.  
 
7.4 Use of Sheet Sample to Simulate Mount Rubber’s Ageing 
Behaviour 
Due to the limitation on the amount of new mount samples, sheet samples were 
used for further investigation, attempting to represent the ageing behaviour of the 
rubber in the engine mount.  
7.4.1 Similarities and differences between mount and sheet samples 
As the mount and sheet samples share the same composition, the same ageing 
mechanisms are expected to be acting. The way they affect the material is also 
expected to be similar, except for post-curing. As mentioned in Chapter 2.3, the 
post-curing process is related to the manufacturing and curing processes. Figure 
7.4 has been shown in Chapter 4.1.5, it illustrates the similar ageing behaviour of 
the mount and sheet samples. 
 
Figure 7.4 Elastic modulus change of mount and sheet samples under 10% dynamic strain  
The elastic modulus of mount samples shows a higher initial increase. The 
decrease between 20 to 40 days into ageing was stronger for the mount samples, 
and its final increase came later than the sheet samples. Figure 7.5 shows the 
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Figure 7.5 Percentage crosslink density changes of mount and sheet samples 
The main difference that can be seen is the stronger increase at the beginning for 
mount samples which is suspected to be caused by the different post-curing and 
thermal degradation behaviour. The decrease on the mount sample was also more 
significant after 24 days into ageing. All samples started to increase with different 
magnitudes between 34 to 43 days into ageing.  
 
7.4.2 Behaviour of carbon re-agglomeration and loss of additives in sheet 
sample 
In Chapter 4, the results clearly showed that the carbon re-agglomeration on the 
sheet sample was less significant than what have been observed in the used mount. 
Although the material was different, the dependence of ageing time of carbon re-
agglomeration was noticed in Chapter 4.2.3 when comparing distribution of carbon 
aggregates between used engine mounts. Artificial ageing under a high 
temperature environment was unable to simulate the whole effect of this 
mechanism.  
The rubber in the engine mount was under cyclic loading during service, two 
articles suggested the effect of cyclic loading on rubber experienced 105 to 106 
cycles, respectively, none of them are close to the conditions of a real engine 
mount [28] [119]. However, both of them suggested an increase of elastic modulus 
could be caused by cyclic loading, Zhang et al. (2014) suggested that this is because 
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This implies carbon re-agglomeration in the short artificial ageing experiment may 
increase the elastic modulus of the material, rather than decrease it. 
The concentrations of additives with known functionalities decreased by more 
than 50% in the first 30 days and most of them depleted before 60 days into 
ageing, which indicated that it could be responsible for the increase of elastic 
modulus before 21 days into ageing. However, the significance of this mechanism in 
this stiffening of the material remains unknown. Although the measured crosslink 
density did not show an increase in this period for the sheet samples, it could be 
that the chain scission caused by oxidative degradation in the surface region 
concealed the actual crosslink density changes in the entire sample. The need to 
identify the impact of post-curing and thermal degradation led to the anaerobic 
artificial ageing experiment, which could then reveal or confirm the impact of 
other ageing mechanisms. 
 
7.5 Aerobic Verses Anaerobic Artificial Ageing for Sheet Samples 
 
7.5.1 Difference on elastic modulus changes 
When comparing elastic modulus changes on samples from both lab-ageing tests in 
Figure 7.6, the increase at the beginning is not shown for the anaerobic aged 
samples and the increase at the end of it was weaker. The difference observed 
upon the initial elastic modulus could be caused by the ageing of the material in 
real life between the aerobic test and the anaerobic test, which is 1.5 years. The 
increase of the elastic modulus at the beginning and at the end are caused by air 
contact, as they were not observed in the anaerobic aged samples. 




Figure 7.6 Comparing elastic modulus changes of aerobic aged samples and anaerobic aged samples 
 
7.5.2 Difference on crosslink density changes 
Figure 7.7 compares the crosslink density changes of the aerobic aged samples and 
the anaerobic aged samples. The crosslink density of samples aged in air started 
decreasing earlier than the samples aged in nitrogen. The increase after 40 days 
into ageing was stronger for samples aged in air. 
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Figure 7.8 compares the crosslink density changes of the aerobic aged surface 
removed sheet samples and the anaerobic aged sheet samples. Their trends are 
similar before 30 days into ageing. This close match is expected, as the effects 
from oxidation and ozonation are expected to be insignificant in the bulk of the 
material at the beginning stage of the ageing process.  
 
Figure 7.8 Crosslink density changes of aerobic aged and anaerobic aged samples 
 
7.5.3 Differences on carbon filler distribution and additives’ 
concentrations changes 
The carbon re-agglomeration and loss of plasticisers/paraffin wax observed in the 
aerobic ageing test was not observed from samples in the anaerobic ageing test. 
The loss of antioxidants occurs in both tests, but the depletion rate was much 
higher under aerobic condition.  
The difference on loss of additives between aerobic and anaerobic aged samples 
suggests that the plasticisers at the surface of the material may also be oxidised 
and depleted. The depletion of additives at the surface of the material then 
triggers the migration of additives inside the material. It is also possible that the 
fast depletion and migration of antioxidants and paraffin-wax might have lowered 
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7.5.4 The relationship between overall ageing behaviour of elastic modulus 
and ageing mechanisms 
Table 7-2 summarises the changes of each measured property during the aerobic 
and anaerobic accelerated ageing test. At the first turning point of elastic modulus 
changes of samples aged in air at around 20 days into ageing, the changing 
mechanisms included crosslink density (in nitrogen) and concentrations of 
additives. 
Property Aged days 
 
Environment 









Air Increase decrease increase increase Increase 











Increase Increase Increase 







Air N/A N/A N/A N/A Minor 
increase 
















Air Decrease Slowly 
decrease 








Table 7-2 Property changes of sheet samples during ageing 
Figure 7.9 shows the percentage changes of both the elastic modulus and the 
crosslink density changes of aerobic aged samples. This increase of elastic 
modulus before 20 days into ageing was not caused by the crosslink density 
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changes. Under both the aerobic and anaerobic environments, crosslink density 
did not increase during this period. As discussed in the previous chapter, the peak 
elastic modulus was also at the same period when most of the identified 
plasticisers depleted. It can be deduced that the loss of plasticisers and paraffin 
wax increased the elastic modulus of the sample in the first 20 days into ageing.  
 
Figure 7.9 Percentage changes of crosslink density and elastic modulus of aerobic aged samples 
The impact of air contact is represented by the difference between the aerobic 
and anaerobic accelerated ageing tests results. The impact of oxidation and 
ozonation can, therefore, be deduced. Although the behaviour of loss of additives 
and carbon re-agglomeration were different for samples aged in different 
environments, the impact of loss of additives has no proven connection with the 
crosslink density as mentioned in Chapter 2.3.5. The carbon re-agglomeration was 
weak on the sample aged 137 days in the aerobic test and was insignificant on the 
sample aged 90 days in the anaerobic test. When considering the possible impact 
of carbon dispersion mentioned in Chapter 2.3.5 and 2.4.3, its impact on elastic 
modulus and crosslink in the anaerobic artificial ageing test can be negligible.  
Although oxidation and ozonation reduced the measured crosslink density, its 
impact on the overall elastic modulus is less significant as the chain-scission mainly 
occurs at the surface region of the sample. It may still contribute to the decrease 
of the elastic modulus, as the accelerated aged samples were relatively small and 
are covered by the predicted critical depth. Hence, the decrease of the elastic 
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phenomenon. This explains why the decrease of elastic modulus between 20-40 
days is more significant for the samples aged in air. 
The increase of elastic modulus and crosslink density after 40 days is likely to be 
initiated by the post-curing effect. The changing dominating mechanism for 
oxidation due to the lack of oxygen mentioned in Chapter 2.4.1 could also 
contribute to this. 
The changes on the measured crosslink density and elastic modulus was on the 
same amplitude until 50 days into ageing. As mentioned in Chapter 2.3, the changes 
on elastic modulus of a rubber should be similar to its crosslink density changes. 
The severely damaged rubber network could be the reason causing this different 
increasing rate between crosslink density and elastic modulus after day 50, as the 
material is losing its identity as an elastomer. It is possible that carbon re-
agglomeration also contributed to the increase of crosslink density. As mentioned 
in Chapter 2.3, trapped rubber is generated during the manufacturing process 
when the aggregates form. In this accelerated ageing test, the filler that migrates 
under a high temperature environment means that the newly formed large 
aggregates can potentially trap polymer chains during their formation. This 
increase was not shown in the measured elastic modulus, as this constraint can be 
easily broken down when the 10% static strain is applied.  
 
7.5.5 Ageing behaviour of all the ageing mechanisms and the elastic 
modulus sheet rubber 
Effect of post-curing and thermal degradation 
The impact of post-curing and thermal degradation was confirmed, which is the 
measured ageing behaviour of the anaerobic accelerated aged samples. A possible 
increase smaller than 5% on both properties was observed before 12 days into 
ageing. It then decreased the material’s crosslink density by 25% and elastic 
modulus by 15%. Between about 20 to 50 days into ageing, it increased by 25% for 
crosslink density and 15% for elastic modulus until 90 days into ageing.  
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Post-curing and thermal degradation were considered as a whole thing. Because 
both are triggered by temperature and time, making it impossible to separate their 
impact. Although based on the acting mechanisms, post-curing is responsible for 
crosslinking and thermal degradation is responsible for chain-scission. 
Effect of oxidation 
Oxidation primarily occurs at the surface region of the material, its effects decay 
with depth. Based on the differences between the aerobic and anaerobic 
accelerated ageing test, its impact was deduced. It reduces the crosslink density 
and hence elastic modulus of the material before 50 days into the aerobic artificial 
ageing test. It then caused a dramatic increase of both properties due to the 
severely damaged polymer network. Or, as suggested by Bonfils et al. (1999) the 
insufficient oxygen atom diffused in the interior of the material makes crosslinking 
the dominanting effect [102]. 
Effect of carbon re-agglomeration 
Carbon re-agglomeration is likely to be related to the time of ageing and, 
therefore, it was not significant in the artificial ageing tests. However, it was 
possible that carbon re-agglomeration caused an increase in the elastic modulus of 
the material aged over a short period. Both Zhang et al. and Garnier et al. 
suggested the re-formation of fillers, in the short-term, could improve the filler 
distribution  [28]  [119]. 
Effect of loss of additives 
More than 50% of most plasticisers including paraffin wax in sheet rubber samples 
have been lost before 25 days into aerobic accelerated ageing, with one major 
plasticiser reaching 20% of its original concentration. The antioxidant 6PPD has 
reached 5% of its original concentration in this period and DPPD, the antiozonant, 
reaches 5% at around 45 days into ageing. The concentrations of additives keep 
decreasing with a slower decreasing rate. 
The loss of plasticisers and paraffin wax would increase the elastic modulus of the 
material, thus, this phenomenon keeps hardening the material with a decreasing 
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hardening rate. The depletion of antioxidant makes the material more vulnerable 
to oxidation. 
Ageing behaviour of aerobic aged sheet rubber explained 
At this stage, the ageing behaviour of the accelerated aged sheet samples can be 
thoroughly explained. The impact of each individual ageing mechanism acting on 
the sheet samples were identified or deduced. Table 7-3 summarises the 
dominating mechanisms at each stage of elastic modulus changes. 
 0-20 days 20-40 days 40-137 days 
Elastic 
modulus 













oxidation on the 
outer surface led 







both the elastic 
modulus and 
crosslink density. 
Scission of backbone 
chains caused by 
oxidation made the 
rubber lost its resilience. 
The formation of trapped 
rubber during carbon re-
agglomeration might 
contribute to the 
increase of crosslink 
density. 
Table 7-3 Ageing behaviour of sheet rubber and responsible ageing mechanisms 
 
7.6 Ageing Behaviour of Artificially Aged Mount Samples and 
Rubber in the Ageing Mount 
 
7.6.1 Artificially aged mount samples 
The ageing behaviour of mount samples was expected to be similar to the sheet 
samples. Based on the discussion made on their differences on the post-curing and 
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thermal degradation behaviour, their impact on mount samples were deduced. 
They were likely to significantly increase the material’s crosslink density and elastic 
modulus before 20 days into ageing, then decrease both properties after 20 days 
into ageing. It was not possible to deduce its behaviour after 50 days into ageing. 
Table 7-4 summarises the explanation of the ageing behaviour of mount samples. 
 0-20 days 20-40 days 40-137 days 
Elastic 
modulus 








Increase of the 
elastic modulus 
was caused by 
the loss of 
additives and 









both the elastic 
modulus and 
crosslink density. 
Scission of backbone 
chains caused by oxidation 
made the rubber lost its 
resilience. The formation 
of trapped rubber during 
carbon re-agglomeration 
might contribute to the 
increase of crosslink 
density. 
Table 7-4 Ageing behaviour of mount sample 
 
7.6.2 Rubber in used engine mount 
The rubber component contains regions contacting air and away from air. Based 
on established effects of individual ageing mechanisms acting on artificially aged 
samples, this section attempts to explain the ageing behaviour of rubber in the 
used engine mount. 
Unlike anaerobic aged sheet samples, loss of additives and carbon re-
agglomeration has been observed on samples taken from the bulk region of used 
rubber mounts. The depletion of surface region additives could trigger the 
migration of additives in the bulk region, as the additives tend to flow to regions 
with lower additive concentration [136]. 
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The behaviour of ageing mechanisms acting on the mount is summarised in Table 
7-5, there is no clear connection between the rate of occurrence across the 
mechanisms. The rate of each mechanism is closely related to the ageing condition 
of the engine mount, which depends on the driving habits of each driver. 
Mechanism  Age  Beginning Middle End 
Post-curing Impact on 
material 

























































Increase Decrease Decrease 
Table 7-5 Effects of each ageing mechanism, measured, deduced, or predicted 
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Figure 7.10 shows the percentage changes of the elastic modulus and crosslink 
density of the samples taken from the bulk region of the rubber component in 
used engine mounts.  
 
Figure 7.10 Percentage changes of elastic modulus and crosslink density of used mount samples 
The overall increase was likely to be caused by both the post-curing effect and loss 
of additives. The observed decrease of elastic modulus and crosslink density after 
the newest used mount is also possible. The increase of elastic modulus for the 
newest used mount is about 40%, lower than the maximum (60%) observed in the 
aerobic artificial ageing test. Although the maximum can be different due to the 
different ageing conditions, it is possible that the newest used mount has passed 
the peak of elastic modulus and is on the downhill. Clearly, both the carbon re-
agglomeration and the post-curing effect could lead to this reduction. For the 
mount aged the most, the higher crosslink density could be caused by oxidation, as 
its high temperature operating time was 40% more than other used mounts and 
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Figure 7.11 shows the crosslink density changes of samples taken from other 
locations on the engine mount. As they were all close to the surface of the mount, 
the behaviours are dominated by chain scission caused by oxidation. Except from 
the decrease of crosslink density caused by oxidation, the behaviour of crosslink 
density changes at these three locations after the first used mount are similar to 
the behaviour of the bulk region.  
 
Figure 7.11 Crosslink density changes at other locations on the mount 
It can be seen that the crosslink density changes of samples taken from the 
location that experienced cyclic loading is slightly different from the two that never 
experienced cyclic loading. This difference was observed in Chapter 4.2.1, but the 
knowledge of different ageing mechanisms was insufficient to make any deduction.  
At the beginning, the crosslink density increased for samples taken from the 
location that experienced cyclic loading. This could be caused by the reforming of 
aggregate suggested by literature [28]. The increase before the mount aged the 
most was less significant for samples taken from this location when compared to 
samples from locations that never experienced cyclic loading. This could be caused 
by the increase of trapped rubber under a pure high temperature environment as 
discussed in section 7.5.4. The rubber chains would be harder to trap when the 
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CHAPTER 8. CONCLUSION AND FUTURE WORK 
 
8.1 Conclusion 
This work has demonstrated an explanation for the ageing behaviour of rubber 
used in an engine mount, based on separating and investigating the impact of 
individual acting ageing mechanisms. This is the first time similar work has been 
done in such a comprehensive way for such a long period of ageing time.  
Through investigating rubber samples taken from real-life used engine mounts, 
aerobic accelerated aged rubber samples and anaerobic accelerated aged rubber 
samples, the impact and time each acting ageing mechanism occurred have been 
identified or deduced, as well as the overall impact on the material during ageing. 
Key conclusions are as follows: 
 
8.1.1 Ageing behaviour of rubber in used mounts 
The elastic modulus of rubber increased by at least 25% for all used mounts. 
Samples from the least aged increased by 45% and the most aged mount increased 
by 30%. Crosslink density changes were similar with the elastic modulus changes 
in the bulk area of used mount. Lower crosslink densities were observed at near 
surface regions. 
Loss of additives and post-curing of mount material could have led to the increase 
of elastic modulus. Thermal degradation, carbon re-agglomeration and oxidation 
were likely to be responsible for the decrease of elastic modulus.  
There is an ageing gradient for the oxidative degradation, its effect is stronger at 
the surface region and reduces through depth; deep inside, crosslinking may 
become the dominating mechanism. This led to the difference between crosslink 
density changes at different locations. 
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8.1.2 Relationship between elastic modulus changes and acting ageing 
mechanisms  
Initially, elastic modulus of artificially aged rubber samples increased by 50% for 
the sheet sample and 60 % for the mount sample in the first 20 days into oven 
accelerated ageing in air. In this period, loss of plasticiser occurred on both sheet 
samples and mount samples. For the mount sample, its crosslink density has 
increased due to the possible post-curing mechanism during this period.  
After 20 days into ageing, the elastic modulus decreased by 30% for the sheet 
sample and 60% for the mount sample. Thermal degradation has caused a 
reduction of crosslink density for the sheet samples in this period. The same 
mechanism was also found to be happening on the mount samples. The oxidative 
degradation is likely to be accelerated after a few days into ageing due to the fast 
depletion of antioxidant. Ozonation and oxidation caused chain scission, which 
decreased the crosslink density of the material.   
A final increase of elastic modulus was observed after around 45 days into ageing 
before the samples no longer behave like a rubber and lost their resilience. The 
stiffening was 100% for the sheet samples and 40% for the mount samples. Chain 
scission caused by oxidation is expected accelerate after the antioxidant depletes, 
which breaks down the polymer network at the end. Insufficient oxygen atoms for 
the fast oxidative degradation inside the material could trigger crosslinking inside 
the material.  
 
8.1.3 Viability of using sheet samples 
While showing some differences on the overall properties, the sheet samples 
provided guidelines on the impact of each ageing mechanism, under the 
circumstance of insufficient mount material. 
 
8.1.4 Aerobic and anaerobic artificial ageing 
The impact of post-curing and thermal degradation varies between materials and 
could be complex. However, its impact on crosslink density is often entangled with 
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oxidative degradation when taking the measurements. The comparison between 
results from aerobic ageing and anaerobic artificial ageing experiments was critical 
for identifying the actual impact of each ageing mechanism.  
 
8.1.5 Impact of cyclic loading 
The impact of cyclic loading on crosslink density was insignificant, however, it had 
influenced the electrical properties of the material, which is related to the carbon 
filler distribution in the material. 
 
8.1.6 Suggestions on mount design 
Antioxidants and antiozonants were found to be more volatile than other additives. 
They would migrate and evaporate without the presence of air. Since oxidative 
degradation was the main reason for damage to the polymer network, antioxidants 
that can last longer are suggested to increase the life span of the engine mount. 
The elastic modulus increase caused by loss of additives is unavoidable and took 
place at the beginning of the ageing process. In order to keep the overall 
performance of the mount unchanged, another mechanism that can counter its 
impact is needed. Therefore, it is suggested to design a curing recipe that can 
make the material reduce its crosslink density at the beginning of the ageing 
process.   
 
8.2 Recommended Future Work 
 
8.2.1 Effect of carbon filler’s structure 
Differences on conductivity were noticed between locations that have experienced 
cyclic loading and those that have never experienced cyclic loading. As mentioned 
in Chapter 2.4.3, changes to conductivity were likely to be related to the re-
configuration of the carbon network [121]. Although the size distribution showed no 
significant differences, the filler structure could be different, which leads to the 
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possible investigation on how structures of filler aggregates changed during ageing 
and how cyclic loading impacts. 
 
8.2.2 Effect of TMF – Thermo Mechanical Fatigue 
The effect of cyclic loading on mechanical properties was not thoroughly 
investigated. Although the impact was proposed to be not as significant as the 
temperature effect based on the initial investigation, its impact upon elastic 
modulus of the material requires further investigation to be confirmed. 
 
8.2.3 Link the changes with resistance to creep which leads to geometry 
changes 
Although creep does not have known effects on elastic modulus, creep and the 
consequent geometry change is known to be related to the overall mechanical 
properties of the product. Thus, the changes on creep resistance of the material 
while ageing could be important for predicting the product performance. 
 
8.2.4 Understanding the chain mechanisms in post-curing and thermal 
degradation for rubber manufactured with different techniques 
The post-curing and thermal degradation mechanisms are affected by both 
manufacturing method and the curing method. An understanding of the chain 
mechanisms during the post-curing and thermal degradation process for rubbers 
that have been prepared differently is critical, as this can help to predict the 
impact of post-curing and thermal degradation, which can only be measured in 
experiments, currently.   
 
8.2.5 Investigating thicker material and the property gradient 
The existence of properties’ gradient caused by ageing gradient of certain 
mechanisms was confirmed. Although the current method can provide explanation 
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on properties in a coarse scale, detailed gradient of changes of each related 
mechanism is essential for predicting properties of thicker materials.  
 
8.2.6 Progression of acting ageing mechanisms under different ageing 
conditions 
This work showed the progression of each ageing mechanism under 95 °C on small 
block specimens, and how different ageing mechanisms dominate at different 
times in the whole ageing process. The operating environment keeps changing for 
the real-life engine mounts; therefore, how different temperatures and cyclic 
loading conditions influence the progression speed of each acting ageing 
mechanisms can be investigated. Which could then predict the level of progression 
of ageing mechanisms in real-world rubber materials, according to the mileage, 
time in service, average driving speed and the sampling location. 
 
8.2.7 Investigate the relationship between the level of each mechanism and 
percentage change on elastic modulus. 
This work showed how elastic modulus of the material changes with specific levels 
of progression of each ageing mechanism. The influence of them may not be a 
simple addition. A model between the elastic modulus of the material and the level 
of progression of each ageing mechanism is desired. Together with the previously 
mentioned recommended works, the full ageing behaviour of an engine mount 
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Appendix A. Elastic modulus changes  
























Appendix B. SEM and processed Images 




































































































































































































































































Appendix C. Additive concentrations measured from GC 
i. Aerobic Aged Samples 








Acetic acid n-octadecyl ester 
 
0 21913181 601831 1054521 
0 20048449 544209 827530 
4 25053343 490545 829538 
7 25844853 446071 693222 
16 22672951 87484 283529 
24 24200933 0 192627 
36 28604807 0 115092 
45 30612277 0 30373 
56 33673850 0 24133 
56 27633882 0 27679 
72 27573713 0 0 
92 30151149 0 0 
108 25580140 0 0 














17.75 18.6  19.45 20.25 









0 598912 26264712 914942 
0 448673 22920026 738219 
4 492885 21260573 908535 
7 405947 15587287 829536 
16 296470 4850185 613298 
24 271553 1270377 496085 
36 249001 724410 495330 
45 155051 356038 277685 
56 91998 333868 283394 
56 113857 339043 283445 
72 49627 203855 173346 
92 45486 167999 99506 
108 23195 113264 92487 






















0 508048 5500952 1554581 
0 398703 4636157 1205626 
4 460725 7351214 1336170 
7 427790 6538282 1478755 
16 270059 4375071 1149901 
24 246686 2308050 1123247 
36 243461 1742209 1124433 
45 157940 368861 698845 
56 173807 312557 1006575 
56 159377 257704 834653 
72 125552 124843 520734 
92 56162 96378 1018596 
108 59515 68965 1089872 














ii. Anaerobic Aged Samples 







Acetic acid n-octadecyl 
ester 
 
0 21913181 601831 1054521 
0 20048449 544209 827530 
6 19833398 702202 799656 
12 24266351 794115 825152 
19 23220972 682714 766594 
28 22433007 747710 768603 
38 19751104 728107 701953 
49 21126950 812684 845341 
60 17515765 718909 762894 
74 19127905 639643 636222 
















17.75 18.6  19.45 










0 598912 26264712 914942 
0 448673 22920026 738219 
6 452097 16912312 834931 
12 493622 10490123 847176 
19 462497 4932109 816328 
28 490764 4481476 798687 
38 473587 2340660 816366 
49 545912 798532 951019 
60 535139 422938 833296 
74 489272 287524 724510 



















Name Eicosyl acetate DPPD 
1,3-Benzenedicarboxylic 
acid, bis(2-ethylhexyl) ester 
 
0 508048 5500952 1554581 
0 398703 4636157 1205626 
6 380075 6345025 2323787 
12 411259 5460361 1585793 
19 370096 4073706 1906269 
28 365975 4153886 1978379 
38 342130 3360621 1777097 
49 427029 1817805 1397095 
60 394941 519251 1583026 
74 324468 316477 1613194 
88 392307 553934 1909732 
 
